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Chapter 1
General introduction
General introduction.
In troduction
Bone defects are a significant clinical problem. Trauma, oncological surgery, or congenital 
malformations can cause these defects. The clinical standard in the treatment o f bone defects is still 
the use o f autologous bone tissue. Nevertheless, due to both availability and patient-associated 
problems, alternative treatment techniques are under development. A recently developed approach 
to reconstruct and/or regenerate lost or damaged body tissues is tissue engineering. It involves the 
fabrication o f a so-called three-dimensional autologous tissue construct. Although, tissue 
engineering can be applied in a wide variety o f situations, a lot o f attention is paid to the 
engineering o f bone tissue. Two different strategies can be followed to achieve this goal, i.e. a so- 
called growth factor-based and cell-based approach (Figure 1). In the growth factor approach, the 
scaffold material is loaded with specific bone-inductive growth factors prior to implantation. A t the 
implant site, these growth factors are then released and can act upon both existing cells and/or 
recruit other cells to form new bone tissue. A significant number o f growth factors are available for 
this purpose. In the second approach, the scaffold material is seeded with osteogenic cells to 
promote bone formation.
W hen these cell/scaffold constructs are cultured in vitro for an extended period o f time, the seeded 
cells are able to secrete matrix as well as other growth factors into the scaffold. A t the implant site, 
these cell/scaffold constructs can contribute to bone formation. In this cell-based approach, bone 
marrow cells are often used for creating a cell/ scaffold construct. These bone marrow cells have 
been extensively studied but there are still various aspects o f cell isolation, cell seeding and culture 
conditions that can affect the osteogenic capacity o f the scaffold. In this chapter, the different 
aspects o f creating a bone construct will be discussed.
1.2 Scaffolds
The ideal scaffold material is biocompatible and biodegradable. This means that it is nontoxic and
does not elicit a foreign body giant cell reaction. Further, the scaffold material must also degrade to
1 2biocompatible products ’ . A second characteristic o f an ideal scaffold material is the absence o f
inflammatory reactions and disease transmission. This means that the scaffold must be
1 2nonimmunogenic and free o f transmittable diseases ’ . The third characteristic is the gross 
architectural qualitie o f the scaffold material. The scaffold has to be shaped easily. Further, it must
3
be porous and the pores must have interconnectivity to allow tissue ingrowth and stabilization .
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Figure 1: Ideal synthetic bone graft.
The fourth characteristic is osteoconduction, which means that the scaffold must possess surface 
characteristics that optimize bone ingrowth4. Chemotaxis and delivery/control o f  osteoinductive 
proteins are the fifth characteristic o f an ideal scaffold. For this the scaffold needs to have the right 
surface charge and affinity for cells to attach and for osteoinductive proteins to adhere to the surface 
o f  the scaffold5. The sixth charateristic is that a scaffold material must also promote rapid 
angiogenesis and vascularization o f the device to achieve a solid vascularized bond to host bone. 
Finally, the seventh characteristic is that there are some administrative issues like approval by the 
FDA for human use, cost effective over autograft and verifiable sterilization o f the complete 
device6.
Applied scaffold materials include ceramics (e.g. hydroxyapatite and tricalcium phosphate), 
polymers (e.g. poly (lactic acid), poly (glycolic acid) or co-polymers), bioglass and metals. Also 
composite materials have been created such as poly (glycolic acid) with polyethylene glycol or 
hydroxyapatite with collagen. It has to be emphasized that none o f the currently used materials meet 
all o f the properties postulated. Some o f the materials show an undesirable inflammatory response 
or foreign body reaction. These reactions are associated with a reduced osteoinductive response . 
On the other hand, other materials show a lack o f  structural support and good mechanical 
characteristics8’9.
15
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A candidate scaffold material is titanium fiber mesh. The bone biocompatibility o f this material has 
already been proven in various studies10’11. Further, this material shows excellent mechanical 
properties like stiffness and flexibility. Also, it has been demonstrated that osteogenic cells attach 
and grow well in the titanium fiber mesh. Animal studies already confirmed that titanium fiber 
mesh in combination with BMP and/or rat bone marrow cells can induce and generate ectopic bone
12 13formation in rats ’ .
1.3 Bone m arrow
1.3.1 Bone
Bone is an unique tissue that gives mechanical support to the body. It is a major reservoir o f 
calcium and bone marrow, which produces the blood cells. Further, it is composed o f collagen, 
water, cells and blood vessels. Cells present in bone are the supporting cells termed osteoblasts and 
osteocytes, and remodelling cells called osteoclasts. Osteoblasts are the skeletal cells responsible for 
synthesis, deposition, and mineralization o f bone. Osteocytes are derived from osteoblasts. After 
secreting osteoid and mineral salts, osteoblasts become isolated in a cavity o f bony matrix and 
become an osteocyte. Osteoclasts are constantly eroding deposited bone, while osteoblasts are 
constantly replacing osteoid and minerals. In this way, bone is a dynamic tissue that is being formed 
and broken down in a continuous cycle in response to physical and hormonal factors14’15.
1.3.2 Bone m arrow  cells
Bone marrow stroma provides an unique cellular reservoir for the engineering o f bone tissue. It 
consists o f a heterogeneous population o f cells that have the potential to differentiate into bone,
cartilage, adipocytes or hematopoietic supporting tissues 14’16’17. For example, it contains
18osteoprogenitor cells , which proliferate and differentiate into osteoblasts. Unfortunately, a key 
limitation in the use o f bone marrow cells for bone engineering is the relatively low concentration 
o f osteoprogenitor cells in the marrow stroma. They form at most 0.001% o f the cellular component 
in a marrow sample19’20. Therefore, techniques have been developed to select and expand the
20 23population o f progenitor cells from bone marrow for the desired application " . In view o f this, 
various studies have already shown that culturing
osteoprogenitor cells in media supplemented with dexamethasone, ascorbic acid, and ß- 
glycerophosphate initiates a development process that directs the cells into an osteoblastic 
differentiation pathway19’24. This osteoblastic lineage proceeds along a number o f different stages, 
which are based on expression o f different parameters (Figure 2).
16
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Two types o f osteoprogenitor cells are described in literature25’26: (1) the immature type that will 
undergo osteoblastic differentiation in the presence o f specific inducers and (2 ) the mature type that 
shows osteoblastic differentiation in absence o f inducers. The osteoprogenitor stage is followed by 
the pre-osteoblast stage that still possesses limited
Unlimited self-renewal
Limited self-renewal 
Extensive proliferation
Immature
osteoprogenitor
■o:X
Progenitorsfor other mesenchymal 
—  cells includinng adipocytes, fibroblasts, 
and myoblasts
Figure 2: The osteogenic lineage '
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capacity for proliferation. The mature osteoblast stage is characterized by a high expression o f 
alkaline phosphatase activity. Finally, the osteoblast phenotype is typified by the synthesis o f bone 
matrix proteins such as collagen I, osteocalcin, bone sialoprotein and osteopontin and by the ability
14’27’28to mineralize this matrix14’27’28.
Different studies have already proven that culturing osteoblast-like cells in various scaffold
29 35materials results in mineralized matrix formation in vitro " . Therefore, the cell-loaded constructs 
were cultured in osteogenic media to direct the cells in the osteoblastic pathway. Expression o f 
osteogenic markers was determined by using different analyzing techniques36.
1.3.3 Bone m arrow  cells in vivo
The predifferentiation o f bone marrow cells in the scaffold has been shown to accelerate bone 
formation after implantation15. For example, osteoblasts seeded into porous ceramic cubes and 
implanted subcutaneously start forming bone one week after implantation. This is much earlier than 
found with comparable constructs seeded with fresh bone marrow or undifferentiated but
37 39precultured bone marrow cells " . Here, bone formation did not occur before three weeks o f 
implantation. Similar results were achieved when rat osteoblasts were seeded into poly (D,L-lactic-
17
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co-glycolic acid) (PLGA) scaffolds and implanted into the mesentery o f syngeneic rats40. W ithin 
one week, ectopic bone was formed within the pores o f the scaffolds. Yoshikawa et. al . 4 1  implanted 
constructs that were seeded with rat bone marrow cells and cultured in osteogenic media to 
differentiate the cells into osteoblasts prior to subcutaneous implantation. After 52 weeks, the 
implants showed bone formation inside the pores and even having active hematopoietic marrow 
inside the implants.
1.4 G row th  factors
Bone matrix contains small amounts o f very potent regulators o f bone cell metabolism. These 
proteins, called bone derived growth factors, are produced by osteoblasts and incorporated into the 
extracellular matrix during bone formation. After release, these growth factors are able to regulate 
osteoblast- and osteoclast metabolism during bone remodelling. The growth factors exhibit their 
effects only in the local environment, thereby stimulating bone cells to proliferate and differentiate
(paracrine effect). Likewise, the osteoblasts can stimulate themselves to additional metabolic
28activity by producing the growth factors (autocrine effect)28.
Members o f the Transforming Growth Factor beta (TGF-ß) superfamily have been implicated as the 
predominant growth factors in fracture healing. They are related to each other by sequence 
similarities but possess a wide-ranging number o f biological functions. The TGF-ß superfamily 
comprises the TGF-ßs, BMPs (bone morphogenetic proteins), GDFs (growth and differentiation 
factors), inhibins/activins and other peptides (Figure 3)42’43.
Fifteen BMPs have till yet been identified as members o f the TGF-ß superfamily44. They exert their 
effects through identified receptors. These receptors are heterodimeric complexes o f type I and II 
serine/threonine kinase receptors. BM P-2, 4 and 7 seem to have the same receptor complex, 
whereas the other BMPs use different receptor complexes45.
The functions o f individual BMPs have been evaluated in many in vitro studies using various cell 
lines, e.g., multipotent progenitor cells, osteoprogenitor cells, osteoblasts, chondroblasts, and 
osteosarcoma cells. BMPs (BMP-2 and BMP-7) induce or inhibit their proliferation depending on 
the cell types and culture conditions. For example, C3H10T1/2 (murine multipotential 
mesenchymal cells), ROB-C26 (a potential rat osteoblast precursor cell line) and fetal rat calvarial 
cells have been described to show an enhanced proliferation in vitro after addition o f BMPs (BMP- 
2)46-48. In contrast, the cell growth o f W20-17 (a mouse bone marrow stromal cell line) and rat bone 
marrow cells are inhibited or not affected at all by BMP49-51.
18
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Figure 3: Phylogenetic relationships between bone morphogenetic protein (BMP) family members43.
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Several studies indicate that BMPs induce differentiation o f a variety o f rat and mouse 
mesenchymal cells into osteoblast phenotypes, since cells subjected to these morphogens 
respond with increments in alkaline phosphatase activity and synthesis o f osteocalcin and 
collagen46’52. Moreover, BMPs stimulate matrix mineralization and accelerate differentiation o f 
rodent osteoblastic cells53-55. The osteoblastic phenotype is stimulated by BMP-2 in MC3T3-E1 and 
W -20-17 cell lines5 1 ’5 6  and in more heterogeneous cell cultures like rat and human bone marrow cell 
cultures49’55. In fetal rat calvarial osteoblast cultures, BMP-2, BMP-4, BMP - 6  and BMP-7 have also 
been shown to enhance osteogenic expression57.
BMPs exert their effects in vitro in a dose-dependent manner47’49. Low concentrations (10ng/ml) o f 
BMP-2 stimulate development o f the adipocyte phenotype, while higher concentrations (100 ng/ml 
and 1000 ng/ml) stimulate the chondroblastic and osteoblastic phenotype46. The duration o f BMP 
stimulation also affects the differentiation. In bone marrow cell cultures, a maximum effect was 
found after 2 weeks o f continuous suppletion o f 1000 ng/ml BMP-2. On the other hand, C3H10T1/2 
cells showed their maximum effect after 4 weeks o f stimulation49.
1.5 Optimalization factors
1.5.1 Cell seeding
Traditional cell cultures involve the cultivation o f cells on two-dimensional or planar surfaces. 
However, the advent o f tissue engineering technology requires redefining the culture environment, 
since cells have to adhere, grow and differentiate into a three-dimensional scaffold.
We know already that the method used to seed the marrow cells into the porous scaffold is essential 
for the finally achieved 3D-bone-graft. Several techniques have been used by different research 
groups to optimize the bone-generating properties o f a scaffold material. In general, the methods 
focus on improvement o f the seeding or loading efficacy o f the cells in the scaffold. In view o f this, 
three mayor seeding methods can be discerned to inoculate cells in a 3D-scaffold, i.e. dynamic (cell 
chamber58, spinner flask59-61), static (droplet11’62’63, cell suspension34’64) and perfusion systems65’66. 
Currently available results with these methods, show that a dynamic system improves cell 
attachment and probably more important the distribution o f cells through the scaffold. Static loading 
appears to have cell-loading limitations. W hen cells are seeded in a droplet or cell suspension, cells 
are left on the surface o f the constructs and penetrate only partly in the scaffold.
The cell density during cell seeding also plays an important role in cell attachment and distribution 
into the scaffold. Various studies showed an improved seeding efficacy when a high initial cell 
density was used11’60’63. This effect was only found within 24 hrs after inoculation. Thereafter, the
20
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same amount o f cells was present in all scaffolds. Apparently, cells seeded in a low cell density 
suspension cells grew more rapidly then cells in a high cell density suspension. Also, some research 
groups6 3  reported increased expression o f osteoblastic markers when a low cell density suspension 
was used for seeding. This in contrast again to others11’64, who just showed increased expression o f 
osteoblastic markers when a high cell density suspension was used.
1.5.2 Cell culturing
Besides cell seeding, another variable is the optimization o f the nutrient conditions and oxygen 
supply such that the osteogenic capacity o f the cultured cells is enhanced. Cell culture in 3-D 
scaffolds is completely different from conventional planar 2-D conditions, where all cells are 
continuously exposed to the culture medium. A previous study observed an inverse relationship 
between proliferation and differentiation in bone cell cultures due to a decline o f the nutritional
27state during mineralized matrix deposition27. Therefore, cell culture conditions must be optimized. 
Recently, dynamic culturing o f cells (bioreactor, rotating wall vessel and spinner flask) after 
seeding o f the scaffolds has been reported to have a positive effect on cell proliferation60’61’67and 
differentiation68. Furthermore, Goldstein et al . 6 9  demonstrated that flow perfusion enhances the 
early differentiation and three-dimensional distribution o f marrow stromal osteoblasts seeded on 
poly (DL-lactic-co-glycolic acid) scaffolds when compared with scaffolds cultured in a spinner 
flask bioreactor, a rotating vessel bioreactor, and conventional static conditions. Static cultured 
constructs exhibit an uneven cell distribution and a low cellularity in the center o f the constructs. 
M ost cells grow near the periphery o f the construct. In contrast, dynamic cultured constructs 
showed higher cellularity and a more uniform distribution o f cells through the constructs. Also, the 
production o f extracellular matrix was increased when a dynamic culture method was used. 
Unfortunately, the performed studies do not explain whether the enhanced proliferation, 
differentiation and distribution o f the marrow stromal osteoblasts in scaffolds is exclusively due to 
the improved nutrient supply to the cells located throughout scaffold porosity or that the seeded 
cells are further stimulated due to their continuous exposure to fluid shear forces. Studies by other 
groups have already shown that a level o f shear stress in the range o f 2 - 1 0  dynes/cm is sufficient to 
stimulate osteoblasts70-76. In these studies, the stimulation is evident by the increased secretion o f 
nitric oxide and prostaglandin E 2  after only a short period o f exposure to fluid shear stress. Exposure 
o f cells to high levels o f shear stresses may cause cell detachment or damage.
21
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Coatings
1.5.3.1 Calcium phosphate
Among bone substitutes, calcium phosphate (Ca-P) ceramics are considered to be bioactive, this in 
contrast with bioinert ceramics such as alumina. This bioactivity is provided by the physico­
chemical structure o f Ca-P ceramics, which is close to that o f the mineral phase o f bone77. Ca-P 
ceramics can induce the formation o f apatite similar to the biological apatite observed during 
physiological mineralization processes. The bioactive behaviour o f Ca-P ceramics has been
78described in vitro and in vivo . After implantation, Ca-P ceramics undergo numerous dissolution/ 
precipitation processes induced by biological fluids. This first mechanism begins to degrade the 
ceramic and influences later cellular degradation by adsorption o f numerous extracellular matrix 
proteins. Shortly after cellular degradation, osteoconduction begins inside the structure o f the 
ceramic, which is then progressively replaced by natural bone characterized by a mineralized
79extracellular matrix, osteoblasts, osteocytes, osteoclastic cells and neovascularization .
Due to their positive effect on the bone healing response, orthopedic and oral implants are often 
provided with a Ca-P coating. Different studies have shown that a Ca-P coating can enhance the
12’80-85bone formation around the implants ’ - . Different methods can be used to provide the implants 
w ith a calcium phosphate coating. In our laboratory, the so-called RF (radio frequent) magnetron 
sputter technique8 6  is applied, which has been proven to enhance osteogenic expression in vitro and 
osteoconduction in vivo 81’87’88.
Although, the bioactive behaviour o f Ca-P ceramics has been explained in gross terms, the precise
mechanism on bone formation is still not clear. There are two hypotheses at this moment. The first
2 + 2 + explanation is that Ca -ions dissolve from the Ca-P surface, causing with the already present Ca -
ions an interfacial supersaturated condition, which results into deposition o f an afibrillar
87’89mineralized layer consisting o f several Ca-P mineral phases ’ . This stimulates the bone cells to
82’90continue extracellular matrix synthesis and calcification ’ .
Another hypothesis for bioactivity o f Ca-P coatings is its high affinity for many proteins and growth 
factors that play a role in bone formation91-93. Also, initial cell attachment may be regulated 
differently by Ca-P compared to other surfaces. For example, it may influence the type or amount o f 
proteins adsorbed to the Ca-P surface84’92’94. Since many o f these proteins are involved in cell 
adhesion to materials, differences in the adsorbed protein layer could explain the different 
biological effect o f Ca-P ceramics.
22
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Matrix proteins
Cellular interactions with extracellular matrix (ECM) are thought to orchestrate tissue organization 
by regulating cell differentiation and function. The ECM produced by osteoblasts is complex and 
consists o f several different classes o f molecules that may regulate the modeling and remodeling o f 
bone. The ECM contains structural components such as type I collagen and fibronectin, as well as
proteases that degrade the matrix95’96. The ECM also serves as a reservoir for growth factors,
97including members o f the TGFß- superfamily . Acting either alone or together, these components 
o f the ECM  which are produced by the osteoblasts may subsequently affect differentiation and 
survival. In this way, they act via autocrine feedback mechanisms to regulate the rate o f bone
formation98.
Surface chemistry and precoating o f implant materials are mayor determinants in obtaining a proper 
biomaterial-bone interphase99. However, information concerning cell behaviour on implants 
precoated with proteins o f extracellular matrix remains scarce. Several investigations with collagen 
I coated implants have revealed that type I collagen is able to enhance proliferation and accelerate 
differentiation and mineralization o f osteoblastic cells100-103.
Another ECM protein that may provide information to osteoblasts during their differentiation is 
fibronectin. Fibronectin expression is highly localized to bone surfaces in vivo and at the periphery 
o f nodules in vitro104. In this way, fibronectin can support the recruitment or migration o f pre­
osteoblasts. Furthermore, fibronectin may also promote the synthesis and organization o f the ECM 
by osteoblasts that are permissive for signalling by growth factors, which are known to be present in 
the ECM  o f bone97.
The ECM  proteins interact with a heterodimeric cell membrane receptor family, known as integrins.
The a 4 ß 1 and a 5 ß 1 integrins1 0 5 ’ 1 0 6  appear to be the integrins found on osteoblasts that interact
1 0 7specifically with fibronectin, while a 1 ß 1 and a 2 ß 1 integrins relate to collagen I. The contact o f 
osteoblasts with fibronectin or collagen I via integrins can increase the expression o f growth factors 
o f the TGFß/BM P family, which can in turn stimulate osteoblast differentiation. It is likely that the 
induction o f the osteoblastic differentiation is due to the interaction o f the fibronectin coating or 
collagen I coating with integrin receptors on the cells. Integrins are considered to mediate the 
transmission o f information from the ECM by serving as a direct link between the ECM  and the 
intracellular actin cytoskeleton. In the cells, signal transduction molecules stimulate tyrosine 
phosphorylation, which is linked to mitogen-activated protein kinase (MAPK) and other 
pathways108’109. Focal adhesion kinase and M APK are involved in the induction o f alkaline 
phosphatase activity in osteoblasts110. On basis o f the current knowledge105’111, the interaction o f
23
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fibronectin with a 4 ß 1 and a 5 ß 1 integrin receptors and the interaction o f collagen I with a 1 ß 1 and 
a 2 ß 1 integrins is thought to be important for the osteoblastic differentiation o f bone marrow 
cells112’113.
1.6 O bjective o f the  study
For tissue engineering o f bone, a successful and productive interaction between osteoconductive 
matrix, osteoprogenitor or osteoblastic cells, and osteoinductive growth factors is required. Various 
materials can be used for the manufacturing o f the osteoconductive matrix or scaffold. A candidate 
scaffold material is titanium fiber m esh10. Titanium fiber mesh has proved to be a suitable scaffold 
for bone engineering. It has excellent mechanical properties like stiffness and flexibility. Further, 
studies have demonstrated that osteogenic cells attached and grew well in the titanium fiber mesh. 
Additional histological evaluation confirmed that titanium fiber mesh in combination with BMP
12 13and/or rat bone marrow cells can induce and generate ectopic bone formation in rats ’ . 
Nevertheless, various aspects o f cell isolation, cell seeding, media composition, and culture 
conditions can additionally affect the final osteogenic capacity o f the scaffold.
Therefore, the current study was aimed on obtaining answers on the following questions:
1. W hat is the most effective cell seeding technique for osteoblast-like cells into titanium fiber 
mesh?
2. W hat is the effect o f using a dynamic cell culture system on the expression o f osteogenic 
markers by rat bone marrow cells?
3. W hat is the effect o f using a fibronectin or collagen I coating on the osteogenic expression o f rat 
bone marrow cells?
4. W hat is the effect o f the cell seeding method in combination with prolonged culturing on bone 
formation in titanium fiber meshes in an ectopic site?
5. W hat is the effect o f various cell culture times o f cell-loaded titanium fiber mesh on ectopic 
bone formation?
6 . W hat is the efficacy o f cell-loaded titanium fiber mesh on bone formation in an orthotopic 
location?
7. W hat is the efficacy o f cell-loaded titanium fiber mesh precultured in a dynamic cell culture 
system on bone formation in an orthotopic location?
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Evaluation of various seeding techniques for culturing osteogenic cells on titanium fiber mesh.
INTRODUCTION
Engineered bone constructs can form the basis for novel therapies for patients with large skeletal 
defects. To create such a construct a porous scaffold material is used to which osteogenic cells 
and/or systemic factors are added. For this purpose a wide variety o f scaffold materials can be used. 
In a series o f consecutive studies, we investigate the applicability o f porous sintered titanium fiber 
mesh. The advantage o f this material lies in the combination o f excellent tissue characteristics, both 
in soft and hard body tissues, with typical characteristics o f metallic fiber products as flexibility and 
stiffness1. On the other hand, a disadvantage is that the material is not degradable. However, this is 
no hindrance for a lot o f bone reconstructive purposes.
In one o f our previous studies, we investigated the osteogenic activity o f porous titanium mesh 
loaded with cultured rat bone marrow cells in a syngeneic rat ectopic assay model . For this study, 
the titanium fiber meshes were seeded using a dynamic seeding method (2 rpm) and a high cell 
density. The experiment showed that the combination o f titanium fiber mesh with bone marrow 
cells could indeed generate bone formation. Nevertheless, the amount o f newly formed bone was 
significantly less compared with experiments in which the titanium mesh was loaded with bone 
morphogenetic protein instead o f osteogenic cells . In view o f this, we know that the method used 
to seed and culture the marrow cells into the porous scaffold is essential for the finally achieved 3D- 
bone-graft. Several research groups used already different techniques to optimize the bone- 
generating properties o f a scaffold material. In general, the methods focus on improvement o f the 
seeding or loading efficacy o f the scaffold. Various so-called static and dynamic systems can be 
discerned to inoculate cells in a 3D-scaffold material. Examples o f static methods are droplet4  5and 
cell suspension6  seeding. In dynamic procedures use is made o f specially developed devices, like a 
cell chamber7, spinner flask8 9,10or bioreactor11"13.
Consequently, the purpose o f the present study was to learn more about the effect o f seeding and 
loading technique on the osteogenic differentiation in vitro o f rat bone marrow cells into titanium 
fiber mesh. The procedures that were used included a so-called droplet, cell suspension (high and 
low cell density), and rotating plate method. DNA and osteocalcin analysis, SEM analysis, and 
calcium measurements were used to follow cellular proliferation and differentiation during cell 
culture.
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MATERIALS and METHODS
Substrates:
Sintered titanium fiber mesh (Bekaert N.V. Zwevegem, Belgium) with a volumetric porosity o f 
8 6 %, density o f 600 g\m 2 and fiber diameter o f 50^m was used in the studies. The average fiber 
spacing distance o f the mesh was about 250 ^m. The prepared meshes were disc shaped with a 
diameter o f 6  mm, thickness o f 0.8 mm, and weight o f about 15 mg. In total, 180 titanium discs 
were made for each experimental run. All discs were sonicated for 10 minutes with isopropanole 
and then sterilized by autoclavation for 15 minutes at 121°C. Before use in the experiments, half o f 
the total number o f discs received a radiofrequent (RF) glow-discharge treatment (Harrick PDC- 
3XG, argon, 0.15 Torr, for 5 min) to increase the wettability o f the titanium fiber mesh.
Cell culture:
Rat bone marrow (RBM) cells were isolated and cultured using the method described by 
M aniatopoulos14. Briefly, for each experimental run RBM cells were obtained from femora o f 8  
male W istar rats. Femora were washed 4 times in a -  MEM  (Minimal Essential Medium; MEM 
Gibco BRL, Life Technologies B.V. Breda, The Netherlands) culture medium with 0.5 mg/ml 
gentamycin (Sigma) and 3 ^g/m l fungizone (Sigma). Epiphyses were cut off and diaphyses flushed 
out with 15 ml culture medium a -  MEM, supplemented with 10 % FCS (foetal calf serum, Gibco), 
50 p.g/ml ascorbic acid (Sigma, Chemical Co., St.Louis, MO, USA), 50 ^g/m l gentamycin, 10 mM
o
N a ß-glycerophosphate (Sigma) and 10 M dexamethasone (Sigma). The pooled RBM cells were 
incubated in a humidified atmosphere o f 95 % air, 5 % CO2  at 37°C.
After 7 days o f primary culture, cells were detached using trypsin/ EDTA (0.25% w/v trypsin / 
0.02% EDTA; Sigma). The cells were concentrated by centrifugation at 1500 rpm (400g) for 5 min. 
and resuspended in a known amount o f media (5 ml). Cells were counted by a Coulter® counter 
(Coulter Electronics LTD., Luton, U.K.) and then added to the substrates using various seeding 
techniques. After seeding, the substrates were incubated for predetermined times. During 
incubation, the medium was changed every two or three days. Further, always two separate runs o f 
experiments were performed and in each run all materials were present in triplicate.
Seeding techniques:
Titanium fiber mesh discs were placed on the bottom o f 24 wells tissue culture plates; one disc per 
well. Subsequently, two techniques were used to seed the RBM cells in the titanium discs, i.e. a 
droplet and a cell suspension technique.
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In the droplet technique, 8  x 104  cells, resuspended in 30 ^ l culture medium, were placed as droplet 
on top o f the meshes and left for three hours to allow cell attachment.
In the cell suspension technique, 8  x 104  (low cell density) or 8  x 105 cells (high cell density), 
resuspended in 1 ml o f culture medium, were added to each well and left for three hours to allow 
cell attachment. During this time, the well plates were manually shaken every half an hour. The cell 
suspension present in the wells was homogenized by gentle shaking in horizontal direction (5 cm) 
for 1 0  seconds.
Seeding methods
Dr+GD / Dr- 
GD
Droplet technique; meshes with or without glow discharge treatment
LDM+GD/ 
LDM-GD
Cell suspension technique with a low cell density and the meshes with or without 
glow discharge treatment. 24 wells-plate was shaked manually every half an hour 
during 3 hrs attachment time.
HDM+GD/ 
HDM-GD
Cell suspension technique with a high cell density and the meshes with or without 
glow discharge treatment. 24 wells-plate was shaked manually every half an hour 
during 3 hrs attachment time.
HDR12+GD / 
HDR12-GD
Cell suspension technique with a high cell density. The meshes with or without 
glow discharge treatment. 25 meshes were put in a 10 ml tube and were rotated 
on a rotating plate for 3 hrs during attachment. Rotating speed was 12 rpm.
HDR2+GD / 
HDR2-GD
Cell suspension technique with a high cell density. The meshes with or without 
glow discharge treatment. 25 meshes were put in a 10 ml tube and were rotated 
on a rotating plate for 3 hrs during attachment. Rotating speed was 2 rpm.
Table 1: Cell seeding techniques used in current study.
Further, another suspension group was formed. Therefore, 25 mesh discs were placed in a 10 ml 
tube to which 10 ml culture medium was added containing 8  x 106  cells (= 8  x 105 cells/ml). The 
tubes were placed on a cell rotating plate that rotated with 2  or 1 2  rpm.
In all above-mentioned procedures, discs were used as received or treated by glow discharge. In this 
way, in total 10 experimental groups were created (Table 1).
Finally, all specimens were placed in an incubator with a humidified atmosphere o f 95 % air, 5 % 
CO 2  at 37°C.
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DNA analysis:
DNA was measured at day 4, and 8 . Medium was removed and the cell layer was washed twice 
with PBS. The subsequent addition o f 0.5 ml 1 M NaOH to each mesh lysed the cells. Thereafter, 
the cells were harvested in 1.5 ml Eppendorf® tubes (Merck, Darmstadt, Germany), and cell 
suspension was sonicated for 10 minutes. DNA was collected and stored at -20°C until use. Before 
analysis, the samples were neutralized with equal volume o f 1 M HCl-PO4. For the assay, a DNA 
standard curve was made with Salmon testes DNA (0 - 4 mM). 125^l o f the sample or standard 
were added in a 96 well plate. Subsequently, after supplement o f 125^l Hoechst dye (Sigma, 
Chemical Co., St.Louis, MO, USA) working solution the well-plate was incubated in the dark for 
three hours. After incubation, the plate was scanned on a fluorescence plate reader with excitation 
filter 365 nm and emission filter 450 nm. All samples and standards were assayed in duplicate.
Osteocalcin:
Cell layers were collected at day 16 and 24. Cell layers were washed twice in PBS. The subsequent 
addition o f 0.5 ml sample buffer to each mesh lysed the cells. After that cell suspension was 
homogenized by sonication for 10 min.. The suspension was stored at -20°C until the assay was 
performed. Osteocalcin was measured using an enzyme immunoassay kit (Biomedical technologies, 
Inc., Stoughton, MA 02072, USA). Briefly, 100 ^ l o f sample was added to the wells and the plate 
was incubated at 4°C for 24 hrs. Thereafter, wells were washed 3 times with 0.3 ml wash buffer. 
Subsequently, 100 ^ l o f osteocalcin anti-serum was added to the well and the plate was incubated 
for 1 hr at 37°C. Then, the plate was washed three times and 100 ^ l o f donkey anti-goat IgG 
peroxidase was supplemented and incubated for 1 hr at room temperature. One volume o f TMB 
(tetramethyl benzidine) solution was mixed with one volume o f hydrogen peroxidase solution. The 
plate was rinsed 3 times with wash buffer and 100 ^l o f substrate solution was added to the wells. 
Then, the plate was incubated for 30 min. at room temperature (in the dark). Finally, 100 ^l o f stop 
solution was put in the wells and absorbance read at 450 nm. Osteocalcin stock was diluted to 
generate standards from 0.25 to 20 ng/ml. All samples and standards were assayed in duplicate.
Scanning electron microscopy:
After 8  and 16 days o f incubation, meshes were washed twice with PBS. Fixation was carried out 
for 30 min. in 2% glutaraldehyde (Sigma, Chemical Co., St.Louis, MO, USA). Then, substrates 
were washed twice with 0.1 M sodium-cacodylate buffer (pH 7.4) (Sigma, Chemical Co., St.Louis, 
MO, USA); dehydrated in a graded series o f ethanol and dried by tetramethylsilane. The specimens
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were sputter-coated with gold and examined and photographed using a Jeol 6310 SEM at an 
acceleration voltage o f 15kV.
Statistical analysis
This study was performed by using two separate runs o f experiments. In each run all materials were 
present in triplicate. Data from both runs are presented separately. Statistical analysis was 
performed for each run by using first a two-way ANOVA followed by a Student-Newman-Keuls 
Test.
RESULTS
DNA
All obtained results are graphically depicted in Figure 1A-F.
Analysis o f these data learned that proliferation proceeded significantly (p<0.05) faster in the first 
vs. second run for Dr, LDM  and HDM specimens. No significant differences were found between 
the different runs for HDR2 and HDR12 samples.
Subsequent evaluation o f the effect o f glow discharge treatment on DNA amount showed that no 
effect o f glow discharge treatment could be observed in both runs for the Dr substrates. On the other 
hand, some differences were found in the cell suspension and rotation groups.
Nevertheless, this effect o f glow discharge was not very clear and distinct. For example, the LDM 
samples showed only a significant effect (P<0.05) for glow discharge treatment on day 4 and 8  in 
the second run, while the HDM samples showed a significant effect (P<0.05) on day 4 in both runs 
and on day 8  in the second run only. Further, for HDR2 substrates there existed a significant effect 
(P<0.05) on day 4 in the second run and on day 8  in both runs. HDR12 specimens showed only a 
significant effect (P<0.05) on day 4 for both runs.
Finally, we tested the effect o f cell seeding density as well as rotational movement during the 
inoculation period. Comparison o f the LDM  and HDM samples revealed that at all incubation 
periods and in both runs a high cell density resulted in significantly (P<0.05) more DNA compared 
to a low cell density. Statistical analysis o f the rotational speed data showed that the samples which 
were subjected to a low rotational speed (HDR2) had always a significantly (P<0.05) higher DNA 
content then when a higher rotational speed (HDR12) was used
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Figure 1: DNA content of osteoblast-like cells after 4 and 8 days of culture on titanium fiber mesh that were 
seeded with various cell seeding techniques. A+B) first and second run Dr, C+D) first and second run LDM and 
HDM, E+F) first and second run HDR12 and HDR2. Values are mean ± SD. (Dr = droplet method; LDM = low cell 
density, manually; HDM = high cell density, manually; HDR12 = high cell density, rotation 12 rpm; HDR2 = high 
cell density, rotation 2 rpm).
Calcium
As can be seen in Figure 2A-B, the results o f  the calcium measurements revealed again the 
existence o f  differences in calcium deposition between the two experimental runs. Calcium 
deposition differed (P<0.05) between the first and second run for all Dr, LDM and HDR12 samples. 
HDM and HDR2 specimens showed similar amounts o f  calcium in both runs.
Considering the glow discharge treatment, no effect was seen for HDM and HDR2 specimens in 
both runs. Further, a significant effect (P<0.05) o f glow discharge was observed for LDM and 
HDR12 substrates in both runs, while this effect for Dr specimens existed only in the second run. 
Finally, we observed that the HDM samples showed the most consistent results with a relatively 
high amount o f  calcium in both experimental runs.
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Figure 2: Calcium content of osteoblast-like cells after 16 days in culture. The osteoblast-like cells were 
seeded with various cell seeding techniques on titanium fiber mesh. A) first run calcium content at day 16, B) 
second run calcium content at day 16. Values are mean ± SD. (Dr = droplet method; LDM = low cell density, 
manually; HDM = high cell density, manually; HDR12 = high cell density, rotation 12 rpm; HDR2 = high cell 
density, rotation 2  rpm).
Osteocalcin
Evaluation o f the data, as presented in the bar graphs (Figure 3A-F) showed that the occurrence o f 
differences between experimental runs could apparently be prevented by using high cell densities 
during the inoculation o f the scaffolds. No differences in osteocalcin content were observed 
between the two runs for HDM, HDR2 and HDR12 specimens. In contrast, the osteocalcin 
expression for Dr and LDM samples differed significantly (P<0.05) between the first and second 
run.
The effect o f glow discharge treatment on osteocalcin expression was inconsistent and appeared to 
disappear at prolonged incubation. HDM and HDR12 specimens showed only an effect (P<0.05) o f 
glow discharge at 16 days o f incubation, while no effect at all was seen for LDM and HDR2 
samples.
Further, no differences in osteocalcin expression were observed between the different cell seeding 
(inoculation) methods.
Scanning electron microsopy
SEM examination indicated that cells proliferated on all meshes in all experimental groups. 
Evidently at day 8 , already multilayers o f cells could be seen. Still, the various cell seeding methods 
resulted in different cell coverage and mesh invasion patterns.
On the Dr and LDM specimens, cells were only present at one side o f the mesh (Figure 4B-C). The 
mesh side where the cell sheet was observed depended on the additional use o f glow discharge 
treatment. On the glow discharge treated materials, the cells had penetrated through the meshes and 
formed a cell sheet at the bottom side.
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Figure 3: Osteocalcin content of osteoblast-like cells after 16 and 24 days in culture. The osteoblast 
like cells were seeded with various cell seeding techniques on titanium fiber mesh. A+B) first and 
second run Dr, C+D) first and second run LDM and HDM, E+F) first and second run HDR12 and 
HDR2. Values are mean ± SD. (Dr = droplet method; LDM = low cell density, manually; HDM = high 
cell density, manually; HDR12 = high cell density, rotation 12 rpm; HDR2 = high cell density, rotation 2 
rpm).
HDM specimens looked very similar as Dr and LDM samples. Only, the cell sheet seemed denser 
with almost complete filling o f the mesh voids.
The appearance o f the samples that were subjected to rotation during cell seeding, was completely 
different. Here, no cell sheet formation was observed. All cells had invaded into the mesh and were 
growing around the titanium fibers (Figure 4D). No effect o f the glow discharge procedure could be 
observed.
After 16 days o f incubation, we observed that a layer o f calcified globular accretions associated 
with collagen bundles was deposited on and into the mesh material (Figure 5). No clear differences 
in appearance between the various cell seeding techniques were visible.
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Figure 4: SEM pictures of titanium fiber meshes after 8  days in culture. The osteoblast-like cells were 
seeded with various cell seeding techniques on titanium fiber mesh. Cells have started to form a 
multilayer of cells on the titanium fibers. A) Untreated starting material, B) Dr, C) LDM, D) HDR12. 
Magnification: 100x. (Dr = droplet method; LDM = low cell density, manually; HDR12 = high cell 
density, rotation 1 2  rpm).
Figure 5: SEM picture of titanium fiber mesh after 16 days in culture. Picture showed formation of multilayer 
with globular accretions and collagen fibers after 16 days in culture. Magnification: 5000x. (Dr = droplet 
method).
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DISCUSSION
The results o f our current study confirmed our earlier studies that titanium fiber mesh supports the 
attachment, growth and differentiation o f rat bone marrow stromal cells. After 16 days o f 
incubation, this even resulted in the appearance o f calcified globular accretions and collagen 
bundles. In general, our findings corroborate with other studies in which different scaffold materials 
have been used. Despite this agreement, we still have to notice that a direct comparison o f the 
performed assays and obtained data between the various studies is difficult and frequently even 
impossible. For example, the used scaffold materials do not only differ in chemical properties but 
also in three-dimensional geometry. The titanium fiber mesh is fabricated by interengaging and 
intertwining a multiplicity o f thin titanium fibers. The fibers are bond at their points o f contact 
using a sinter process. This results in a very open interconnected porosity. In contrast, polymer 
scaffolds in which the porosity is created by sodium chloride crystals and a solution leaching 
process results in less interconnected porosity. Further, most studies differ in cell source as well as 
cell culture conditions. Some researchers use calvarial cells4 ,1 5 ,1 6  to examine the osteogenic capacity 
o f the scaffold material, while other use bone marrow cells4,17,18. Besides, different types o f rats are 
used for cell retrieval, i.e W istar1 8 19and Sprague-Dawley4,20. Also, the used rats varied in age. All 
these discrepancies in primary conditions can have severe implications for the final results. The 
same is true for the cell culture conditions. In most experiments, dexamethasone is added as 
supplement in order to enhance or induce the osteogenic differentiation o f the cells. However, this 
supplement is added at different stages during cell culturing. W hen dexamethasone is provided for 
the first time after the first passage o f rat bone marrow cells, the osteogenic expression o f the cells
is reduced21.
A major observation in our study was the variance in results between different experimental runs. 
For example, large deviations were found when the droplet and manual shaking methods were used. 
For the manual shaking method, this large deviation can be explained by the difficulty to reproduce 
the shaking maneuver. The problem with the droplet seeding technique is that the cell type can vary 
in each droplet. In view o f this, we proved recently that the bone marrow population is 
heterogeneous in nature, which implies that different cultures can show different sensitivity. This 
will result in a differential response that even cannot be prevented by cell pooling or multiple
22 23experiments , . We have to emphasize that this problem always will occur when primary cells are 
used and the experiments are repeated. This can only be prevented by using homogeneous cell 
populations, i.e. cell lines. On the other hand, this just emphasizes the problem with the reliable and 
standardized production o f tissue engineered bone constructs when bone marrow as cell source is
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used. Therefore, we can only stress that a solution has to be found for the proper selection o f 
osteoprogenitor cells out o f multicellular bone marrow aspirate.
Besides the problem with the cell source, another experimental problem exists. In our 16 and 24 day 
calcium and osteocalcin assay, we did not normalize our data to DNA. We observed that extensive 
mineralization occurred within the scaffold porosity after 16 and 24 days o f incubation. This 
prevents a reliable extraction o f DNA, which is confirmed by previous experiments where we 
measured very low DNA values after 16 days o f culture. Cell proliferation is supposed to decline 
when osteogenic differentiation starts. Nevertheless, this has to result in similar cell numbers after
16 days compared with 8  days o f culturing as we know form rat bone marrow cultures on flat 
substrate surfaces. We suppose now that the decline in DNA at 16 days is because difficulties with 
DNA extraction out o f the scaffolds, which showed extensive matrix mineralization. Due to this 
experimental flaw, comparison o f the calcium and osteocalcin data between the experimental runs is 
difficult. Still, we have to stress that this problem occurs in all experiments with porous 3 ­
dimensional scaffolds and mineralizing cells. Consequently, we advise that other parameters or 
methods are found to interpret the osteogenic differentiation o f this kind o f cells in porous 
materials.
As part o f our experiment, we investigated the effect o f glow discharge treatment on the seeding
24,25efficiency. Glow discharge improves the wettability o f a material , . We hypothesized that in this 
way the penetration o f cells into the scaffold porosity can be improved. Unfortunately, we did not 
observe such an effect26,27. In the droplet-loaded specimens, the glow discharge procedure caused 
only a complete invasion and penetration o f the RBM  cells through the mesh porosity to the bottom 
side. This can be concluded from the SEM results, which showed the presence o f a cell sheet on the 
top side o f non-treated titanium mesh and on the bottom side o f glow discharge treated mesh. 
Apparently, due to the increased wettability, the medium/cell droplet just “fell” through the fiber 
mesh material (notice that the fiber mesh is only 0.8mm in thickness). O f course, in suspension 
culture this is impossible. Nevertheless, also under these conditions only a minor effect was seen in 
the DNA assessment. Titanium possesses already a hydrophilic surface. Therefore, we suppose that 
the increase in wettability as achieved by glow discharge, does not further sustain cell behaviour 
and appears to be superfluous. This suggestion is supported by previous findings o f our group, in 
which we also could not observe a beneficial effect o f titanium glow discharge treatment on the
28,29growth o f fibroblasts and epithelial cells , .
Further, we compared the influence o f seeding technique on the final osteogenic expression o f the 
cells in the titanium mesh. On basis o f the results, we cannot claim that one o f the used methods is
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superior. On the other hand, we observed that the results became more consistent when high cell 
densities were used during dynamic seeding. Before discussing this observation, it appears 
appropriate to discuss the reason for the use o f a high cell density and why this was only done for 
the dynamic seeding method. High cellularity is known to enhance cell-to-cell contact and 
communication between cells. This is essential for phenotypic expression o f cells in vitro30. The 
droplet, as used in the droplet technique, consists o f a small volume with a high cell density 
suspension, i.e. 8  x 104  cells, resuspended in 30 ^ l culture medium. We assumed that cell-cell 
contact and communication is already optimal in this droplet. This in contrast to the dynamic 
method, where cell were resuspended in a large medium volume and significantly less cell-cell 
contacts will occur.
3 1
Similar experiments with the use o f different cell densities have been done by Ishaug et al31. 
However, in contrast to our results, they observed that their highest cell density resulted in 
increased cell numbers after seven days o f incubation and increased mineralization at later 
evaluation periods. Unfortunately, we are not able to give a clear explanation for this discrepancy in 
observation. We can only hypothesize that this is perhaps due to the fact that perhaps the used high 
cell density was not the optimum density. Therefore, we recommend that in future studies additional 
cell densities are included to determine whether indeed such an optimum exists. Further, we have to 
notice that also in the dynamic method a large difference was present between the two experimental 
runs. Although, inter-individual differences in cell population can again explain this phenomenon, 
differences in cell population due to preferential adhesion o f specific cell types during the rotation 
time can also influence the cell number and differentiation after dynamic seeding.
Our calcium measurements suggest that the additional use o f dynamic movement during the initial 
cell seeding process does not further increase the influence o f cell density. Nevertheless, the SEM 
pictures show that the cells are more uniformly distributed in the specimens that are subjected to a 
low rotational speed. This corroborates with other studies where also dynamic seeding methods
3,8,12,32were used3,8,12,32. An uniform and well-established distribution o f cells inside the porosity o f 
scaffold materials can be very relevant for the final in vivo bone inducing capacity o f the construct. 
The three mayor seeding methods documented in the literature are dynamic (rotating wall vessels, 
spinner flasks), static and perfusion bioreactor. M ost o f the research to the effect o f seeding 
techniques on the differentiation o f osteoblast-like cells has been done with polymeric scaffolds. 
However, the choice o f a seeding method depends on the spatial architecture as well as chemical 
composition o f the used scaffold material. In view o f this, we know that metals have intrinsic other 
surface properties than polymers. Metals are hydrophilic while most polymers are hydrophobic. As
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already mentioned, the three-dimensional architecture o f titanium fiber mesh differs completely 
from sponge-like or foam-like scaffold structures. Due to its open structure, the exchange o f 
medium and waste products is facilitated in titanium fiber mesh. Further, cells can adhere during 
seeding at points where contact exists between various fibers. Subsequently, they can also migrate 
along the fibers, this in contrast to sponge-like or foam-like materials. Here, the penetration o f cells 
and exchange o f waste products is almost prevented. Regrettably, a direct comparison between the 
various studies dealing with this topic is difficult, due to the earlier pointed out cell culture 
problems. Therefore, we can only suggest that for scaffolds with interconnective pores a perfusion 
bioreactor is probably a good system to optimize the osteogenic efficacy o f a scaffold. This
32supported by the findings o f Burg et. al. who compared the three seeding methods (perfusion 
bioreactor, stir flask and static) for its three-dimensional scaffold, polyglycolide fibrous mesh. They 
found that seeding with a perfusion bioreactor achieved the best results as based on metabolic
11,33activity, cellular attachment and cellular proliferation. Other researchers1 1 ,3 3  used rotating wall 
vessels and spinner flasks to increase the invasion o f cells and cellular attachment inside their 
scaffolds.
In summary, we conclude that titanium fiber mesh is indeed suitable to support the osteogenic 
expression o f bone marrow cells. Changing the initial cell density as well by making use o f 
dynamic seeding methods can influence the osteogenic capacity o f the scaffold. In further 
experiments, the consequences o f these findings for final in vivo bone induction have to be 
investigated. In addition, methods have to be found to better select the osteoprogenitor cells out o f 
bone marrow aspirates in order to standardize and improve the reliability o f bone tissue 
engineering.
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Chapter 3
The effect of fibronectin and collagen I coated titanium 
fiber mesh on proliferation and differentiation of osteogenic 
cells.
INTRODUCTION
Two different strategies can be employed in bone tissue engineering to enhance the osteogenic 
capabilities o f a bone-graft substitute. In the first approach, the scaffold material is loaded with 
specific bone-inductive growth factors prior to implantation. A t the implant site, these growth 
factors are released. Subsequently, they act upon existing cells or recruit other cells to form new 
bone tissue. The second approach is the so-called cell-based approach where the scaffold material is 
seeded with osteogenic cells to induce bone formation. Frequently, bone marrow cells have been 
used for this purpose. Although the results o f the various studies are promising, they also indicate 
that parameters as cell isolation, cell seeding method, media composition, culture conditions and
scaffold surface composition can affect the osteogenic capacity o f this type o f bone graft
1 8substitutes " .
In view o f the above-mentioned, we know that the scaffold surface composition can be altered by 
the use o f surface coatings. Literature shows that, besides the application o f e.g. calcium phosphate 
coatings, bone extracellular matrix (ECM) proteins provide a rational basis for designing osteogenic 
surface coatings. Bone is comprised o f numerous extracellular matrix proteins that serve multiple 
roles in bone formation ranging from cell attachment (fibronectin, collagen I, osteopontin, bone 
sialoprotein and vitronectin ) 9  to nucleators for mineralization (osteopontin, bone sialoprotein)10’11. 
These ECM  proteins interact with a heterodimeric cell membrane receptor family, known as 
integrins. Cellular interactions with ECM  proteins are supposed to generate specific signals that are 
transduced via the integrins to the cytoplasm and nucleus12. The a4ß1 and a5ß1 integrins1 3 ’ 14  
appear to be the integrins found on osteoblasts that interact specifically with fibronectin, while 
a1ß1 and a2ß1 integrins15 relate to collagen I. Fibronectin and collagen I are known to play an 
important role during cell adhesion as well as osteoblast differentiation14-16.
Bone engineering requires the use o f a suitable carrier or scaffold material. The currently applied 3­
D scaffold materials include ceramics, polymers and collagen. The disadvantage o f most o f these 
scaffold materials is that they are not very strong and can easily transform. Consequently, we have 
suggested previously the use o f porous sintered titanium fiber mesh as a scaffold material for
17 18osteogenic cells . This titanium fiber mesh has excellent mechanical properties and has been 
proven to be bone-compatible. In addition, in various studies, the titanium fiber mesh has been 
shown to support the osteogenic expression o f bone marrow cells. Unfortunately, the results are not 
consistent and a wide variation in bone formation is found after in vivo implantation o f the 
constructs17’19. We suppose that improving the osteogenic properties o f the titanium fiber mesh can 
solve this problem.
The effect of fibronectin and collagen I coated titanium fiber mesh on proliferation and differentiation of
osteogenic cells.
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For this reason, the purpose o f this study was to evaluate the effect o f fibronectin and collagen I 
coated titanium fiber mesh on the proliferation and osteogenic differentiation o f rat bone marrow 
cells. Therefore, titanium fiber mesh was coated with fibronectin and collagen I. Even a double 
coating was used, whereby the titanium mesh was first provided with collagen I and then with
fibronectin. This was done because previous studies demonstrated that the adsorption process o f
2 0 ’21fibronectin to a metal surface can result in unfolding o f the protein ’ rendering inactivity. A 
double coating method is claimed to maintain the active form o f the deposited fibronectin.
In the various assays, rat bone marrow cells were cultured for 1, 4, 8  and 16 days into as received 
and coated titanium fiber mesh. Also antibodies were used against fibronectin and collagen I 
integrins. By blocking fibronectin and collagen I integrins, signals from the fibronectin and collagen 
I proteins can not be transduced via the integrins to the cytoplasm and nucleus. In this way, 
information can be obtained about the importance o f integrins in the signal cascade o f fibronectin 
and collagen I proteins and their role in the expression o f osteoblastic phenotypes and cell growth.
integrin concentration name dilution in growth 
medium
a  1 1 . 0  mg/ml C D 49a 1 0 0 0  x
a  2 0.5  mg/ml C D 49b 500x
a  4 0 .5  mg/ml CD 49d 500x
a  5 0 .5  mg/ml C D 49e 500x
ß 1 0.5  mg/ml CD 29 500x
Table 1: Antibodies against fibronectin and collagen I integrins.
MATERIALS AND METHODS
Substrates
Sintered titanium fiber mesh (Bekaert N.V., Zwevegem, Belgium) with a volumetric porosity o f 
8 6 %, density o f 600g/m2 and a fiber diameter o f 50^m  was used in this study as scaffold material. 
The average pore size o f the mesh was about 250^m. The experimental specimens were disc shaped 
with a diameter o f 6 mm, thickness o f 0.8mm, and weight o f about 15mg. In total, 216 titanium discs
53
were made. All discs were sonicated for 10 minutes with isopropanol and then sterilized by 
autoclavation for 15 minutes at 121°C. The meshes were used as received (Ti) or coated with 
fibronectin (50^g/ml) (TiFN) and collagen I (100^g/ml) (TiCol or TiFNCol).
The effect of fibronectin and collagen I coated titanium fiber mesh on proliferation and differentiation of
osteogenic cells.
Main groups Description
Ti Uncoated titanium fiber mesh
TiFN Titanium fiber mesh coated with fibronectin
TiCol Titanium fiber mesh coated with collagen I
TiColFN Titanium fiber mesh coated with collagen I and fibronectin
Subgroups
TiAbFN
Uncoated titanium fiber mesh in presence of antibodies against fibronectin
integrins a ^  and a 5ßi.
TiAbCol
Uncoated titanium fiber mesh in presence of antibodies against collagen I
integrins a 1ß1 and a 2ß1.
TiFNAbFN
Titanium fiber mesh coated with fibronectin in presence of antibodies against 
fibronectin integrins a4ß1 and a 5ß1.
TiFNAbCol
Titanium fiber mesh coated with fibronectin in presence of antibodies against 
collagen I integrins a 1ß1 and a 2ß1.
TiColAbFN
Titanium fiber mesh coated with collagen I in presence of antibodies against 
fibronectin integrins a4ß1 and a 5ß1.
TiColAbCol
Titanium fiber mesh coated with collagen I in presence of antibodies against 
collagen I integrins a 1ß1 and a 2ß1.
TiColFNAbFN
Titanium fiber mesh coated with collagen I and fibronectin in presence of 
antibodies against fibronectin integrins a 4ß1 and a 5ß1.
TiColFNAbCol
Titanium fiber mesh coated with collagen I and fibronectin in presence of 
antibodies against collagen I integrins a 1ß1 and a 2ß1.
Table 2: Explanation of the different groups and subgroups used.
Cell culture
Rat bone marrow (RBM) cells were isolated and cultured using the method described by
2 2Maniatopoulos . RBM  cells were obtained from femora o f male W istar rats (Simonsen 
Laboratories, Inc., Gilroy, CA, USA). Femora were washed two times in a-M EM  (Minimal 
Essential Medium; MEM Gibco BRL, Life Technologies B.V. USA) with 0.5 mg/ml gentamycin 
and 3 ^g/m l fungizone. Epiphyses were cut o ff and diaphyses flushed out with 15 ml a -  MEM, 
supplemented with 10 % FCS (foetal calf serum, Gibco), 50 ^g/m l ascorbic acid (Sigma, Chemical
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Co., St.Louis, MO, USA), 50 ^g/m l gentamycin, 100^g/ml ampicillin, 3 ^g/m l fungizone, 10 mM
_o
N a ß-glycerophosphate (Sigma) and 10 M dexamethasone (Sigma). Cells were incubated in a 
humidified atmosphere o f 95 % air, 5 % CO2 at 37°C.
After 6  days o f primary culture, cells were detached using trypsin/EDTA (0.25% w/v trypsin / 
0.02% EDTA, Sigma). The cells were concentrated by centrifugation at 1500 rpm for 5 min. and 
resuspended in a known amount o f media. After the meshes were inserted in a 24-wells plate, the 
meshes were seeded by using a cell suspension (90.000 cells/ml). The cells were allowed to attach 
for overnight. After cell attachment, cells were cultured under static conditions for 1, 4, 8 , and 16 
days.
Further, during culturing antibodies were used against fibronectin integrins (a4 , a5 , ß1) and 
collagen I integrins (a1 , a2 , ß1) and were added to 108 coated and 36 uncoated mesh cultures 
(Table 1). In this way, four main groups (Ti, TiFN, TiCol, TiColFN) were made that were 
subdivided each time in three sub-groups (no antibodies, antibodies against fibronectin integrins 
and antibodies against collagen I integrins; Table 2 and Figure 1). In all experimental groups, 
culture medium was changed every two days.
Figure 1: Schematic of experimental groups used.
DNA analysis
Cellular proliferation was measured by using a DNA assay (n= 6  for each group). Therefore, 
medium was removed and the cell layers were washed twice with PBS. The substrates were put in a 
10ml tube containing 1.6ml milliQ water. For isolation o f the DNA, the 10ml tubes were incubated 
at 37°C for one hour. After that the tubes were placed at -70°C for 2 hrs. After thawing, samples 
were sonicated for 10 min. Subsequently, samples were ready for use. DNA standard curve was
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made with Salmon testes DNA. 200^l o f the DNA sample or standard were added to 500^l buffer 
and 700^l Picogreen dye (M olecular Probes, Leiden, The Netherlands). The samples were 
incubated for 10 minutes in the dark. After incubation, the DNA was measured using a fluorescence 
cuvet reader with excitation filter 365nm and emission filter 450nm. After DNA analysis, the same 
samples were used for determining the alkaline phosphatase activity and calcium content.
Alkaline phosphatase
Alkaline phosphatase activity (n= 6  for each group) was measured to obtain information about the 
osteogenic differentiation o f the cell constructs (Sigma, Chemical Co., St.Louis, MO, USA). 
Medium was removed and the cell layers were washed twice with PBS. The substrates were put in a 
10ml tube containing 1.6ml milliQ water. The 10ml tubes were incubated at 37°C for one hour. 
Then, the tubes were placed at -70°C for 2 hrs. After thawing, samples were ready for use. Aliquots 
o f  the supernatant were removed for determination o f protein concentration. The supernatant was 
stored again at -20 °C until the assay was performed. For the assay, 96 well plates were used. 80 ^l 
o f sample or standard and 20 ^ l o f buffer solution (5 mM MgCl2, 0.5M 2-amino-2methyl-1- 
propanol) was added. Subsequently, 100^l o f substrate solution (5mM paranitrophenylphosphate) 
was added to the well and the plate was incubated for 1 hrs at 37°C. The reaction was stopped by 
adding 100^l o f stop solution (0.3 M NaOH). For the standard curve, serial dilutions o f 4- 
nitrophenol were added to final concentrations o f 0 to 25nM. Finally, the plate was read in an 
ELISA reader at 405nm.
Pierce protein assay
Cellular protein concentrations were measured with a micro BCA protein assay (Pierce, Rockford, 
Illinois, USA) according to the manufacturer instructions. Briefly, 150 ^ l o f sample or standard was 
added to 150 ^l freshly prepared working solution and incubated at 37°C in a 96 well plate. After 
cooling to room temperature, the plate was read in an ELISA reader, at 562 nm. For the standard 
curve, serial dilutions o f BSA were made (0.5-200 ^g/ml).
Calcium content
The calcium assay was used to determine mineral deposition formed in the scaffolds. Therefore, 
calcium content (Sigma, Chemical Co., St.Louis, MO, USA) in the samples (n= 6  for each group) 
was measured by the OCPC (ortho-cresolphthalein complexone) method. Therefore, substrates were 
washed twice in PBS. 1.6 ml o f 0.5 N  acetic acid was added to the substrates and incubated
The effect of fibronectin and collagen I coated titanium fiber mesh on proliferation and differentiation of
osteogenic cells.
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overnight on a shaking apparatus. Samples were frozen at -20°C until used.
OCPC solution was prepared as follows: 80 mg OCPC was added to 75 ml demineralized H2O with 
0.5 ml KOH (1M), 0.5 ml 0.5 N  acetic acid. To prepare sample solution, 5 ml OCPC solution was 
added to 5 ml o f 14.8 M ethanolamine/boric acid buffer (pH11), 2 ml 8 -hydroxyquinoline (5 g in 
100ml 95% ethanol) and 8 8  ml demineralized water. 300 ^ l o f sample solution was added to 10 ^l 
o f sample. To generate a standard curve, serial dilutions o f CaCl2  were made (1-200^g/ml). The 
plate was incubated at room temperature for 10 min. and then read at 540nm.
Osteocalcin
Osteocalcin assay (n= 6  for each group) was used to evaluate the osteogenic potential o f the cells in 
the scaffolds. Cell layers were collected at day 8  and 16. Cell layers were washed twice in PBS, 
scraped in 0.5 ml sample buffer and homogenized by sonication for 10 min. The suspension was 
stored at -20°C until the assay was performed. Osteocalcin was measured using an enzyme 
immunoassay kit (Biomedical technologies, Inc., Stoughton, MA, USA). Briefly, 100 ^l o f sample 
was added to the wells and the plate was incubated at 4°C, for 24 hrs. Thereafter, wells were 
washed 3 times with 0.3ml wash buffer. Subsequently, 100 ^ l o f osteocalcin anti-serum was added 
to the well and the plate was incubated for 1 hr at 37°C. Then, the plate was washed three times and 
100 ^l o f donkey anti-goat IgG peroxidase was added and incubated for 1 hr at room temperature. 
One volume o f TMB (3,3!, 5, 51- tetramethyl benzidine) solution was mixed with one volume o f 
hydrogen peroxidase solution. The plate was rinsed three times with wash buffer. 100 ^ l o f 
substrate solution was added to the wells and the plate was incubated for 30 minutes at room 
temperature (in the dark). 1 0 0  ^ l o f stop solution was added to the wells and absorbance read at 
450nm. Osteocalcin stock was diluted to generate standards from 0.25 to 20 ng/ml.
Statistical analysis
Two separate runs o f experiments were performed. In each run all materials were present in 
triplicate. The data as depicted in the graphs are from one o f two identical experimental runs. 
Statistical analysis was performed for each experimental run by using a two-way ANOVA (P<0.05) 
followed by a Student-Newman-Keuls test (P<0.05).
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RESULTS
DNA
DNA analysis o f the four main groups (Ti, TiFN, TiCol and TiColFN) revealed that there were 
differences in the amount o f DNA between the two runs. Nevertheless, the trend was the same i.e. 
there were no significant difference between the four groups at day 1, 4 and 8  (Figure 2). When 
antibodies against fibronectin and collagen I integrins were used only the TiFN subgroups showed 
no effect on cell proliferation (Figure 3B). In contrast, a significant reduction (P<0.05) in cell 
proliferation was observed when antibodies against fibronectin and collagen I integrins were used in 
the subgroups o f Ti, TiCol and TiColFN (Figure 3A, C, D). Further, the TiColFN subgroups 
showed less effect o f blocking the integrins compared to TiCol.
The effect of fibronectin and collagen I coated titanium fiber mesh on proliferation and differentiation of
osteogenic cells.
Figure 2: DNA content of osteoblast-like cells after 1, 4, and 8  days of culture in uncoated titanium fiber 
mesh, titanium fiber mesh with a fibronectin coating, with a collagen I coating, or with both coatings. Error 
bars represent means ± SD. No significant differences were observed in DNA content between the various 
coatings (P>0.05).
Alkaline Phosphatase
The alkaline phosphatase measurements showed that there were no significant differences between 
the four main groups (Ti, TiFN, TiCol and TiColFN) in both runs (Figure 4). The use o f antibodies 
against fibronectin or collagen I integrins resulted in a significantly delayed expression o f alkaline 
phosphatase activity (P<0.05) for the subgroups o f Ti, TiCol and
TiColFN compared with main groups (Figure 5A, C, D). For the main groups, the highest 
expression o f alkaline phosphatase activity was observed at day 8 . W hen antibodies were used the 
highest expression was found at day 16. Only, for the TiFN subgroups alkaline phosphatase activity 
had no significant effect when antibodies against the integrins were used, except for TiFNAbCol at 
day 16 (Figure 5B).
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Figure 3: DNA content of osteoblast-like cells after 1, 4, and 8 days of culture in uncoated titanium fiber mesh, titanium 
fiber mesh with a fibronectin coating, with a collagen I coating, or with both coatings and in the presence of antibodies 
against fibronectin and collagen I integrins. Error bars represent means ± SD. A) Uncoated titanium fiber mesh, B) 
titanium fiber mesh coated with fibronectin, C) titanium fiber mesh coated with collagen I, D) titanium fiber mesh coated 
with collagen I and fibronectin. *) Subgroups of Ti, TiCol and TiColFN showed a significant decrease in DNA content 
when antibodies against fibronectin and collagen I integrins were used (P<0.05). No effect was observed in the 
subgroups of TiFN.
Calcium
Calcium analysis o f the four main groups (Ti, TiFN, TiCol and TiColFN) revealed that there were 
differences in the amount calcium between the two runs. Further, we observed in our first 
experimental run a significant increase (P=0.0072) in calcium content for TiFN and TiColFN but in 
the second run no significant difference (P=0.078) could be found for the four main groups (Figure 
6 ). Also, no difference in calcium content was observed in the subgroups o f Ti and TiFN when 
antibodies against fibronectin and collagen I integrins were used (Figure 7A,B). Only TiColFN 
showed a significantly lower calcium content compared to its subgroups TiColFNAbFN and 
TiColFNAbCol (Figure 7D)(P<0.05). The same was also observed for the main group TiCol 
compared with subgroup TiColAbFN (Figure 7C)(P<0.05).
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Figure 4: Alkaline phosphatase activity of osteoblast-like cells after 4, 8 , and 16 days of culture in 
uncoated titanium fiber mesh, titanium fiber mesh with a fibronectin coating, with a collagen I coating, 
or with both coatings. Error bars represent means ± SD. No significant differences were observed in 
AP activity between the various coatings (P<0.05).
Osteocalcin
No significant differences in osteocalcin were observed between the four main groups at both 
incubation times (Figure 8 ). All the subgroups with antibodies against fibronectin integrins showed 
a significant decrease in osteocalcin content at day 16 (P<0.05) compared with the main groups 
(Figure 9). Further, for subgroup TiColAbCol a significant increase in osteocalcin was observed 
compared with the main group TiCol (P<0.05).
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Figure 5: Alkaline phosphatase activity of osteoblast-like cells after 4, 8, and 16 days of culture in uncoated 
titanium fiber mesh, titanium fiber mesh with a fibronectin coating, with a collagen I coating, or with both coatings 
and in presence of antibodies against fibronectin and collagen I integrins. Error bars represent means ± SD. A) 
Uncoated titanium fiber mesh, B) titanium fiber mesh coated with fibronectin, C) titanium fiber mesh coated with 
collagen I, D) titanium fiber mesh coated with collagen I and fibronectin. *) Subgroups of Ti, TiCol and TiColFN 
showed a suppressed expression of AP activity when antibodies against fibronectin and collagen I integrins were 
used. No effect was observed in the subgroups of TiFN.
60
Chapter 3
day 8 day 16
Figure 6 : Calcium content of osteoblast-like cells after 8  and 16 days of culture in uncoated titanium 
fiber mesh, titanium fiber mesh with a fibronectin coating, with a collagen I coating, or with both 
coatings. Error bars represent means ± SD. A trend was observed in calcium content for TiFN 
compared to Ti. No differences were observed between the other groups.
DISCUSSION
This study demonstrated that the proliferation o f osteogenic cells was not stimulated by titanium 
fiber mesh provided with a fibronectin coating and collagen I coating. Still, in previous studies was
7 23reported that cell adhesion was improved when a fibronectin or collagen I coating was used ’ . 
However, we have to notice that this effect was only observed during the first three hours o f cell 
attachment. After one day o f incubation also no significant effect on cell proliferation could be 
observed8.
Further, we observed that the fibronectin coating had only a small effect on the amount o f calcium 
that was deposited into the titanium and no effect at all on osteocalcin content. Unfortunately, we 
could not prove that this effect was present in both experimental runs. Calcium analysis revealed 
that there were differences in the amount calcium between the two runs. The calcium measurements 
showed in the first run a significant effect at day 16 o f P=0.0072 but no significant effect in the 
second run, P=0.078. We suppose that this effect is due to the heterogenicity o f the used rat bone 
marrow cell cultures. Various studies have already shown that apatite crystal formation is controlled 
by specific proteins, which act as nucleator24-26. For example, we know that bone sialoprotein can
27 28induce crystal nucleation. Therefore, the bone sialoprotein has to be immobilized in gel2 7 , 2 8  since in
29solution no effect on calcium phosphate crystal formation is evoked . In contrast to bone
30sialoprotein, osteopontin is an extremely effective inhibitor o f apatite crystal formation . Besides 
bone sialoprotein, it can be supposed that other proteins can have a similar inductive effect on 
calcium phosphate nucleation. In view o f this, a recent study confirmed the ability o f fibronectin to
31bind apatite crystals and to promote biomineralization . A t the same time, this explains why our 
fibronectin coated samples showed increased calcium content without affecting the osteocalcin 
expression.
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In addition to its effect on mineralization, fibronectin can stimulate the differentiation o f osteoblast-
14 32 33like cells ’ ’ . Fibronectin expression is highly localized to the bone surfaces in vivo and at the
32periphery o f nodules in vitro . In this way, fibronectin can support the recruitment or migration of 
pre-osteoblasts. Further, fibronectin may also promote the synthesis and organization o f ECM by 
osteoblasts that is permissive for signaling by growth factors which are know to be present in the 
ECM o f bone34. The contact o f osteoblasts with fibronectin via integrins can increase the expression 
o f growth factors o f the TGFß/BM P family which in turn stimulate the osteoblast differentiation. 
Probably, the induction o f the osteoblastic differentiation is due to the interaction o f the fibronectin 
coating with integrin receptors o f the cells. Integrins are considered to mediate the information o f 
ECM by serving as a direct link between the ECM and actin cytoskeleton. In the cells, signal 
transduction molecules stimulate tyrosine phosphorylation, which is linked to mitogen-activated 
protein kinase (MAPK) and other pathways35,36. Focal adhesion kinase and M APK are involved in
The effect of fibronectin and collagen I coated titanium fiber mesh on proliferation and differentiation of
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Figure 7: Calcium content of osteoblast-like cells after 8  and 16 days of culture in uncoated titanium 
fiber mesh, titanium fiber mesh with a fibronectin coating, with a collagen I coating, or with both 
coatings and in the presence of antibodies against fibronectin and collagen I integrins. Error bars 
represent means ± SD. A) Uncoated titanium fiber mesh, B) titanium fiber mesh coated with 
fibronectin, C) titanium fiber mesh coated with collagen I, D) titanium fiber mesh coated with collagen I 
and fibronectin. *) Only TiColFN showed significantly more calcium content compared to its subgroups 
TiColFNAbFN and TiColFNAbCol (P<0.05). The same effect was also observed for main group TiCol 
compared with subgroup TiColAbFN (P<0.05).
37the induction o f alkaline phosphatase activity in osteoblasts . On basis o f the current 
knowledge14,38, the interaction o f fibronectin w ith a 4 ß 1 and a 5 ß 1 integrin receptors is supposed to be
3 9
important for osteoblastic differentiation o f bone marrow cells39. The relevance o f integrin
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interaction for the expression o f osteoblastic phenotypes and cell growth has also been 
demonstrated in our study. Blocking o f the fibronectin integrins a 4 ß 1 and a 5 ß 1 decreased 
significantly cell growth and osteoblastic markers. Further studies involving functions o f integrins 
and other superfamilies o f cell adhesion molecules may help identify the precise mechanisms for 
the regulation o f osteoblast differentiation.
Another observation was that when titanium fiber mesh was provided with a fibronectin coating the 
cell growth was not affected by blocking the fibronectin integrins. We hypothesize that antibodies 
against the fibronectin integrins could not reach the cells that were attached to the fibronectin 
coating. Therefore, the fibronectin proteins still could bind to the fibronectin integrins in the 
membranes o f the cells that were attached to the coating. Only the
Figure 8: Osteocalcin content of osteoblast-like cells after 8  and 16 days of culture in uncoated titanium fiber 
mesh, titanium fiber mesh with a fibronectin coating, with a collagen I coating, or with both coatings. Error 
bars represent means ± SD. No significant differences were observed between the groups.
cells with fibronectin integrins that were in contact with the antibody containing growth medium 
could be blocked.
In our experimental design, we also decided to use titanium fiber mesh that was provided with a 
double coating (TiColFN) in order to protect the active form o f the fibronectin protein. 
Nevertheless, the analyses did not reveal any positive effect o f using two coatings compared with 
only fibronectin coated samples. Therefore, in accordance with others4 0  we conclude that the 
fibronectin protein kept his active form when coated directly on titanium.
Finally, some remarks have to be made about our findings dealing with the collagen I coated 
meshes. In this study was demonstrated that there was no effect o f the collagen I coating on 
osteoblastic differentiation. We have to notice that although previous studies showed an increase in 
osteoblastic markers when a collagen I coating was used 15>41>42, this could not be verified by 
others43,44. We only observed that apparently interaction o f collagen I with a 1 ß 1 and a 2 ß 1 integrins 
is important for cell proliferation and osteoblast differentiation. By blocking the collagen I integrins 
cell proliferation and alkaline phosphatase activity was decreased or suppressed. Also was
63
The effect of fibronectin and collagen I coated titanium fiber mesh on proliferation and differentiation of
osteogenic cells.
demonstrated that blocking fibronectin and collagen I integrines resulted in increased levels o f 
calcium when collagen I coated meshes (TiCol and TiColFN) were used. The effect o f collagen I 
integrins blocking in presence o f collagen I coating on cell proliferation agrees with the recent
38findings o f Gronthos et. al. , while the observed decrease in alkaline phosphatase activity 
corroborates with the results o f various other research groups14’15’23. Additional studies involving 
functions o f integrins and other superfamilies o f cell adhesion molecules may help identify the 
precise mechanisms for the regulation o f osteoblast differentiation.
Figure 9: Osteocalcin content of osteoblast-like cells after 16 days of culture in uncoated titanium 
fibermesh, titanium fiber mesh with a fibronectin coating, with a collagen I coating, or with both 
coatings and in the presence of antibodies against fibronectin and collagen I integrins. Error bars 
represent means ± SD. *) All the subgroups with antibodies against fibronectin integrins showed a 
decrease in osteocalcin content at day 16 (P<0.05) compared with the main groups. Only subgroup 
TiColAbCol exhibited more osteocalcin content compared with main group TiCol (p<0.05).
On basis o f our results, we cannot conclude that a fibronectin or collagen I coating stimulates 
significantly the differentiation o f rat bone marrow cells inoculated in titanium fiber mesh. On the 
other hand, fibronectin and collagen I integrins were observed to be important for the mediation o f 
information o f fibronectin and collagen I proteins to the nucleus and cytoskeleton.
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INTRODUCTION
Conventionally, two different strategies can be employed in bone tissue engineering for enhancing 
the osteogenic capabilities o f a biomaterial scaffold. In the first approach, the scaffold material can 
be loaded with some sort o f bone-inductive growth factors prior to implantation. A t the implant 
site, these growth factors would then be released and could both act upon existing cells and/or 
recruit other cells to form new bone tissue. A wide variety o f both growth factors and loading 
methods can be used for this purpose. In the second approach, a scaffold material is seeded with 
osteogenic cells to promote bone formation. I f  these cell/scaffold constructs are cultured in vitro for 
an extended period o f time, the seeded cells can both secrete matrix and other growth factors onto 
the scaffold during the period prior to implantation. In this approach, the transplanted cells could 
contribute to bone formation while the transplanted in vitro-generated matrix and growth factors
could condition the scaffold to enhance bone formation by the body’s own bone-forming cells. In
1 ,2this cell-based approach, bone marrow cells have been extensively studied ’ . However, various 
aspects o f cell isolation, cell seeding, media composition, and culture conditions can affect the 
osteogenic capacity o f the scaffold after seeding.
The occurrence o f variations in osteogenic capability o f bone marrow has been known for some
1 ,2time ’ . Fresh bone marrow contains osteoprogenitor cells, which proliferate and differentiate into 
osteoblasts3. However, a key limitation in the use o f bone marrow cells for bone engineering is the 
relatively low concentration o f osteoprogenitor cells in the marrow stroma. They form at most 
0.001% o f the cellular component in a marrow sample4’5. Therefore, techniques have been 
developed to select and expand the population o f progenitor cells from bone marrow for the desired
5 8application " . For example, it has been shown that culturing osteoprogenitor cells in media 
supplemented with dexamethasone, ascorbic acid, and ß-glycerophosphate initiates a developmental 
process that directs the cells into an osteoblastic differentiation pathway 4’9. It thus becomes 
possible to harvest a small sample o f marrow, select and expand the potential osteogenic cell 
population, differentiate these cells into osteoblasts, and have a specific bone forming cell 
collection available for use in bone tissue engineering applications 4.
Besides the addition o f supplements, another variable is the optimization o f the nutrient conditions 
such that the osteogenic capacity o f the cultured cells is enhanced. Cell culture in 3-D scaffolds is 
significantly different from conventional planar 2-D conditions, where all cells are continuously 
exposed to the culture medium. A previous study observed an inverse relationship between 
proliferation and differentiation in bone cell cultures due to a decline o f the nutritional state during 
mineralized matrix deposition10. Therefore, cell culture conditions must be optimized. It has been
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reported that dynamic culturing o f cell/scaffold constructs (bioreactor, rotating wall vessel and 
spinner flask) has a positive effect on cell proliferation11-14 and cell differentiation15. Furthermore, 
Goldstein et al. demonstrated that flow perfusion enhances the early differentiation and three­
dimensional distribution o f marrow stromal osteoblasts seeded on poly(DL-lactic-co-glycolic acid) 
scaffolds beyond that o f scaffolds cultured in a spinner flask bioreactor, a rotating vessel bioreactor, 
and conventional static conditions16.
Therefore, the purpose o f this study was to evaluate the effect o f two cell culture conditions, static 
culture or flow perfusion culture16, on the osteogenic expression o f rat bone marrow cells seeded in 
titanium fiber mesh. This material was selected because earlier studies demonstrated that titanium
17,18fiber mesh is osteoconductive and supports the attachment and growth o f bone marrow cells ’ . 
On the other hand, other previous experiments also revealed a limited penetration o f the cells into 
the mesh porosity after seeding and a wide variation in the amount o f deposited bone after 
implantation o f such cell-mesh constructs in ectopic implant locations19’20.
MATERIALS AND METHODS
Substrates
Sintered titanium fiber mesh (Bekaert N.V., Zwevegem, Belgium) with a volumetric porosity o f 
86%, density o f 600 g/m2 and a fiber diameter o f 50 ^m  was used in these studies as the scaffold 
material. The average pore size o f the mesh was about 250 ^m. The prepared implants were disc 
shaped with a diameter o f 10 mm, thickness o f 0.8 mm, and a weight o f about 40 mg. All meshes 
were sonicated for 10 minutes with isopropanol and then sterilized by autoclave for 15 minutes at 
121°C. Thereafter, the meshes were press-fit into cassettes used in the flow perfusion system.
Flow Perfusion Culture System
A flow perfusion culture system was used similar to a flow perfusion system previously described16. 
This system consists o f 6 flow chambers. Each flow chamber contains a cassette into which the 
titanium mesh is press-fit. Each cassette is then sealed with two o-rings to ensure the flow path 
goes only through the scaffold. Silicon tubing then connects each flow chamber with a peristaltic 
pump and medium reservoir (content 250 ml). Each chamber is on its own independent pumping 
circuit, but all pumps draw media from a common reservoir. For these experiments, culture media 
was pumped continuously at a flow rate o f 0.5 ml/min through the cell/scaffold constructs and then 
recirculated back to the reservoir. The entire culture system was sterilized by ethylene oxide and 
maintained at 37°C with a 5% CO2 environment.
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Cell culture
Rat bone marrow (RBM) cells were isolated and cultured using the method described by 
Maniatopoulos et al. RBM cells were obtained from the femora o f male W istar rats (Simonsen 
Laboratories, Gilroy, CA). The epiphyses were cut o ff and the diaphyses flushed with 15 ml a -  
MEM (Minimal Essential Medium; MEM Gibco BRL, Life Technologies B.V.) supplemented with
10% FCS (fetal calf serum; Gibco), 50 |j.g/ml ascorbic acid, 50 ^g/m l gentamycin, 100 ^g/ml
- 8
ampicillin, 3 ^g/ml fungizone, 10 mM N a ß-glycerophosphate, and 10 M dexamethasone (Sigma 
Chemical, St. Louis, MO). Cells were incubated in a humidified atmosphere o f 95 % air, 5 % CO2 
at 37°C.
After 6 days o f primary culture, cells were detached using trypsin/EDTA (0.25% w/v trypsin / 
0.02% EDTA; Sigma). The cells were concentrated by centrifugation at 1500 rpm for 5 min and 
resuspended in media. Subsequently, the cassettes with the titanium meshes were put in 6 -well 
plates and seeded with the cells by using a cell suspension (5 x 105 cells/300 ^l). After 2 hrs o f 
attachment, 10 ml o f complete medium was added to the 6 -well plates. Seeded scaffolds were 
incubated for further attachment overnight. The following day seeded scaffolds were placed into 
fresh 6 -well plates for static conditions or into the flow perfusion system for 4, 8 , and 16 days.
DNA analysis
Proliferation o f the cells in the meshes was determined by DNA analysis. For the DNA assay (n=6 
for all culture periods), medium was removed and the cell layers were washed twice with 
phosphate-buffered saline (PBS). The substrates were put in a 10ml tube containing 1.6 ml 
deionized distilled water. For isolation o f the DNA, the 10 ml tubes were incubated at 37°C for 1 
hr. The tubes were then frozen at -70°C for 2 hrs. After thawing, samples were sonicated briefly. 
A DNA standard curve was made with Salmon testes DNA. A volume o f 200^l o f either the DNA 
sample or standard was added to 500 ^ l buffer and 700 ^ l Picogreen dye (M olecular Probes, 
Leiden, The Netherlands). The samples were incubated for 10 min in the dark. After incubation, 
the DNA was measured on a fluorescence cuvette reader with excitation filter at 490 nm and 
emission filter at 520 nm.
Alkaline phosphatase
The alkaline phosphatase activity o f the cell constructs (n=6  for all incubation periods) was 
measured using the following protocol (Sigma). Medium was removed and the cell layers were 
washed twice with PBS. The substrates were put in a 10 ml tube containing 1.6 ml deionized
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distilled water. The 10 ml tubes were incubated at 37°C for one hour. Subsequently, the tubes were 
frozen at -70°C for 2 hrs. After thawing, aliquots o f the supernatant were removed for 
determination o f protein concentration. A volume o f 80 pl o f sample or standard and 20 pl o f 
buffer solution (5 mM M gCl2, 0.5M 2-amino-2methyl-1-propanol) was added. Subsequently, 100 
pl o f substrate solution (5mM paranitrophenylphosphate) was added to the well and the plate was 
incubated for one hour at 37°C. The reaction was stopped by adding 100 pl o f 0.3 M NaOH. For 
the standard curve, serial dilutions o f 4-nitrophenol were added to final concentrations o f 0 to 25 
nM. The plate was read in an ELISA reader at 405 nm.
Protein assay
Cellular protein concentrations were measured with a micro BCA protein assay (Pierce, Rockford, 
IL) according to the manufacturer instructions. Briefly, 150 pl o f sample or standard was added to 
150 pl freshly prepared working solution and incubated at 37°C in a 96 well plate. After cooling to 
room temperature, the plate was read in an ELISA reader at 562 nm. For the standard curve, serial 
dilutions o f bovine serum albumin were made (0.5-200 pg/ml).
Calcium content
Calcium content in the samples (n= 6  for all incubation periods) was measured by the OCPC (ortho- 
cresolphthalein complexone) method (Sigma). Substrates were washed twice in PBS before 1.6 ml 
o f 0.5 N  acetic acid was added to the substrates. Samples were then incubated overnight on a 
shaking apparatus. OCPC solution was prepared as follows: 80 mg OCPC was added to 75 ml 
demineralized H2O with 0.5 ml KOH (1M) and 0.5 ml 0.5 N  acetic acid. To prepare sample 
solution, 5 ml OCPC solution was added to 5 ml o f 14.8 M ethanolamine/boric acid buffer (pH 11), 
2 ml 8 -hydroxyquinoline (5 g in 100ml 95% ethanol) and 88 ml demineralized water. A volume o f 
300 pl o f sample solution was added to 10 pl o f sample. To generate a standard curve, serial 
dilutions o f CaCl2 were made (1-200 pg/ml). The plate was incubated at room temperature for 10 
min and then read at 540 nm.
Microscopy analysis
Scanning electron microscopy (SEM) and light microscopy (LM) analysis was done to evaluate the 
morphological appearance o f the bone marrow cells and deposited matrix. Evaluation was 
performed only for specimens that were cultured for 16 days.
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Samples for SEM (n=3) were washed twice with PBS. Fixation was carried out for 30 min in 2% 
gluteraldehyde. Substrates were then washed twice with 0.1 M sodium-cacodylate buffer (pH 7.4), 
dehydrated in a graded series o f ethanol, and dried by tetramethylsilane. Specimens were sputter- 
coated with gold and examined using a JEOL 6310 SEM at an acceleration voltage o f 15 kV.
The LM  samples (n=3) were fixed in 4% formalin solution (pH 7.4). After fixation, the samples 
were dehydrated in a graded series o f ethanol and embedded in methylmethacrylate. After 
polymerization o f the methylmethacrylate, thin sections ( 10^m ) were prepared using a modified 
sawing microtome technique6. The sections were stained with methylene blue and basic fuchsin 
and examined with a light microscope (Leitz DMRD, Leica, Rijswijk, The Netherlands).
Statistical analysis
Statistical analysis was performed using a one-way ANOVA followed by a Student-Newman-Keuls 
test (P<0.05). Calculations were performed in Statmost32 (DataM ost Corporation, South Sandy, 
USA).
RESULTS
DNA assay
The results o f the DNA assay are depicted in Figure 1. A clear difference in behaviour o f the 
proliferating cells was seen between the flow perfusion and static culture conditions. The DNA 
results showed an increase in DNA from day 4 to day 8 for the flow perfusion system (p<0.05). At 
day 8 , a significant enhancement was observed for flow perfusion compared with the static culture 
condition (p<0.05). Further, a significant decrease in DNA was seen at day 16 under flow perfusion 
conditions (p<0.05). Under static culture conditions no increase in DNA was observed from day 4 
to day 8 and from day 8 to day 16. However, scaffolds from both systems had a similar amount o f 
DNA after 16 days o f culture.
Alkaline Phosphatase assay
The alkaline phosphatase measurements revealed that the alkaline phosphatase activity increased 
from day 4 to day 8 for both cell culture conditions (Figure 2). No further increase or decrease o f 
alkaline phosphatase activity was seen between day 8 and day 16. Additionally, the flow perfusion 
system resulted in a significant increase in alkaline phosphatase activity at day 4 compared to the 
static culture condition (p<0.05). At day 8 and 16, no further significant differences between 
conditions were found.
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Figure 1: DNA content of osteoblast-like cells after 4, 8 , and 16 days of culture on titanium fiber mesh. 
The cells were cultured under static culture conditions or in the flow perfusion system. Error bars 
represent means ± SD. Asterisk (*) indicates a significant difference in DNA content between static 
and flow perfusion system at day 8 (p<0.05).
Figure 2: Alkaline phosphatase activity of osteoblast-like cells after 4, 8 , and 16 days under static 
culture condition or under flow perfusion. Error bars represent means ± SD. Asterisk (*) indicates a 
significant difference in alkaline phosphatase activity at day 4 between static and flow perfusion 
system (p<0.05).
Calcium assay
Calcium measurements showed that by days 4 and 8 almost no mineral deposition had occurred in 
both culture conditions (Figure 3). However, after 16 days o f culture a significant increase (p<0.05) 
in calcium content was seen in the meshes subjected to flow perfusion.
Microscopy analysis
SEM analysis o f the 16 day samples showed that the meshes subjected to flow perfusion were 
completely covered with layers o f cells and mineralized matrix (Figure 4A). Additionally, small 
pores could be observed in this dense layer. This dense matrix was not only present on the surface, 
but also extended throughout the scaffold, as shown by examining the underside o f the flow 
perfusion specimens (Figure 4B).
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Figure 3: Calcium content of osteoblast-like cells after 4, 8 , and 16 days under static culture condition or 
under flow perfusion. Error bars represent means ± SD. Asterisk (*) indicates a significant difference in 
calcium content at day 16 between static and flow perfusion system (p<0.05).
Figure 4: SEM pictures of titanium fiber meshes after 16 days in culture. The cells were cultured in 
the flow perfusion system (A and B) or under static culture conditions (C and D). (A) The upper 
surface of the meshes of the flow perfusion system was covered with a thick layer of matrix. Pores 
could be seen penetrating into this matrix. (B) The matrix generated in the flow perfusion system 
extended deep into the mesh, as seen here on the underside of the scaffold. (C) The meshes from 
the static culture condition showed a thin friable layer of matrix on the upper surface. (D) With static 
culture the matrix did not extend into the mesh, as seen here on the underside of the scaffold.
SEM examination o f the meshes subjected to static culture conditions showed only a thin friable 
sheet o f matrix on the immediate surface o f the meshes (Figure 4C). Examining the underside o f 
the static culture specimens revealed that this matrix was limited to only a superficial surface 
penetration o f the scaffold (Figure 4D).
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Evaluation by LM  confirmed the SEM observations. The sections from the 16 day flow perfusion 
samples showed the occurrence o f a densely stained matrix throughout the mesh porosity. On the 
top and bottom o f this matrix and between the fibers, several layers o f cells could be observed 
(Figures 5A and 5B). More layers o f cells were seen on the top o f the matrix than on the bottom. 
This extensive production and distribution o f matrix was not seen with the static cultures (Figure 
5C). Here, only some cells could be observed on the top o f the mesh and between the titanium 
fibers. No densely stained matrix was present in these samples.
DISCUSSION
The DNA assay showed a significant increase in early cell proliferation for meshes that were 
subjected to flow perfusion. This corroborates with the results from other research groups11"14’21, 
who also showed that the use o f a dynamic cell culture approach leads to enhanced cell 
proliferation. This may be due to the improved supply o f nutrients and mass transport o f O2 inside 
the titanium mesh porosity. Additionally, the continuous flow could enhance the removal o f cell 
metabolic products as excreted inside the scaffold material.
The DNA results also showed a decrease in cell proliferation for the flow perfusion system after 16 
days o f incubation, in contrast to the static system, but in agreement with our experience in previous
17experiments . The microscopy evaluation offers an explanation for this phenomenon. The SEM 
and LM  pictures showed that the mesh porosity o f the flow perfusion samples was almost 
completely filled with matrix at 16 days. As a consequence, the osteoblast-like cells may have been 
embedded inside this matrix. This could not only have reduced the proliferation rate o f these cells, 
but also altered the results o f the DNA analysis as cellular DNA may remain trapped in the thick 
matrix within the mesh.
The alkaline phosphatase expression also showed a steep increase during the early incubation 
periods for the titanium mesh under flow perfusion conditions. This is in accordance with a similar 
increase in the alkaline phosphatase activity observed when marrow stromal osteoblasts seeded on 
three-dimensional porous PLGA scaffolds were cultured in a flow perfusion bioreactor16. 
Evidently, perfusing fluid flow enhances the early differentiation o f the cultured cells, unlike the 
static culture specimens where alkaline phosphatase expression remained at the same level 
throughout the experiment. The calcium measurements and microscopy evaluation did not show 
the deposition o f significant amounts o f matrix in static cultures. This suggests that the cells 
cultured under static conditions remained in their pre-osteoblastic phase after 16 days o f culture.
The results o f the static culture do not completely corroborate with our earlier experiments using the
17’22same scaffold material and cell type ’ . In this previous work we found a decrease in alkaline
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phosphatase activity after 8 days o f incubation. This decrease was associated with an increase in 
calcium content between day 8 and 16. This may be explained by the amount o f medium used for 
the static incubation o f our samples. In this study, to prevent experimental differences the static 
samples were placed in 6-well plates and surrounded by a much larger volume o f culture medium 
than used in our earlier studies. As a consequence, growth factors, cytokines, and other bioactive 
molecules secreted by the cells may have been diluted in the larger surrounding culture medium and 
therefore could not fully stimulate the cells.
Figure 5: Light microscopy pictures of titanium fiber mesh after 16 days in culture. The cells were 
cultured in the flow perfusion system (A and B) or under static culture conditions (C). (A) and (B) The 
sections from the flow perfusion system showed mineralized matrix throughout the whole meshes 
covered with layers of osteoblast-like cells. (C) The sections of the static culture specimens showed 
only a thin layer of cells covering the mesh and no matrix mineralization could be observed.
The microscopic evaluation confirmed that the use o f flow perfusion stimulated the penetration o f 
cells into the titanium mesh porosity. In the flow perfusion specimens, osteoblast-like cells were 
observed at the top as well as bottom side o f the fiber mesh. In addition, these fiber meshes were 
almost completely filled with mineralized matrix after 16 days o f incubation. SEM  also showed 
that cells were not damaged due to the shear stress applied by the fluid flow. Studies by other
7 8
Chapter 4
groups have shown that a level o f shear stress in the range o f 2-10  dyn/cm is sufficient to stimulate
23 29osteoblasts " . In those studies, the stimulation is evident by the increased secretion o f nitric oxide 
and prostaglandin E2 after only a short period o f exposure to fluid shear stress. Exposure o f cells to 
high levels o f shear stresses may cause cell detachment or damage, but neither cell damage nor cell 
detachment was observed in this study. It is not clear if  the enhanced proliferation, differentiation 
and distribution o f the marrow stromal osteoblasts in the titanium scaffolds is exclusively due to the 
improved nutrient supply to the cells located throughout the titanium mesh porosity or if  the seeded 
cells are further stimulated from their exposure to fluid shear forces. Further studies are needed to 
measure the actual shear forces applied on the cells and to elucidate the relative contributions o f the 
stimulation by shear forces and the better nutrient delivery in flow perfusion culture.
On the basis o f our results, we conclude that a flow perfusion system can enhance proliferation and 
differentiation o f osteoblast-like cells seeded in titanium fiber mesh. In vivo studies will be needed 
to prove the effect o f this osteogenic improvement on the final osteoinductive properties o f the 
titanium mesh constructs.
2
7 9
Flow perfusion culture of marrow stromal osteoblasts in titanium fiber mesh.
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INTRODUCTION
Mesenchymal stem cells (MSCs) can be used for the functional repair or regeneration o f large bone 
defects. In this approach a three-dimensional (3-D) scaffold material is used to deliver the cells to 
the bone defect site. The final success o f this tissue-engineered strategy is determined by the 
number o f responsive MSCs loaded in the scaffold as well as by the material characteristics o f the 
delivery vehicle.
MSCs, or osteoprogenitor cells, which are precursors o f osteogenic cells, are present in bone 
marrow, where they represent only a small fraction o f the total number o f bone marrow cells1. The 
number o f progenitor cells has even been shown to decrease with ageing2-6 . In view o f this, 
methods have been developed to culture-expand and select the osteoprogenitor cell fraction from
7 9bone marrow - . In addition, it has been shown that cultured bone marrow-derived MSCs are more
7 10 12effective in bone formation than fresh marrow ’ - .
It is important to note that besides proliferation also the differentiation o f osteoprogenitor cells can 
be directed during culture. In view o f this, several factors, like dexamethasone and bone 
morphogenetic proteins (BMPs), are known to direct the differentiation o f MSCs into the osteoblast
13 15lineage in vitro - . The addition o f proliferation (basic Fibroblast Growth Factor, bFGF) and 
differentiation (recombinant human (rh)BMP-2) stimulating agents during culture has been shown 
to enhance the in vivo osteogenic potential16,17. The osteogenic potential o f cell-loaded scaffolds can 
further be increased by modifying the conditions during seeding, optimizing the number o f loaded
17 20 21 23cells - , and culturing for example, static versus dynamic culturing " .
Tissue engineering o f bone always requires the use o f a suitable carrier or scaffold material. The 
currently applied 3-D scaffold materials include ceramics, polymers and collagen. The disadvantage
24o f most o f these scaffold materials is that they are not very strong and can easily transform . 
Consequently, we have suggested previously the use o f porous sintered titanium fiber mesh as a 
scaffold for MSCs25. This titanium mesh has excellent mechanical properties26 and has been proven 
to be bone-compatible and is easy to handle during surgery. Although titanium is not degradable, 
this is not a drawback for a large number o f reconstructive procedures. An additional advantage is 
that the titanium fiber mesh can be provided with a very thin calcium phosphate (Ca-P) coating 
which has been described to have a positive effect on bone formation25,27. Conversely, we found the 
occurrence as well as the amount o f bone formation to be very limited when osteogenic cells were
25seeded in Ti-fiber mesh scaffolds . We assumed this latter result to be related to the culture and 
cell-loading technique, which involved the use o f a droplet-loading technique without prolonged 
culturing in vitro. In view o f this it should be noted that prolonged culturing after loading has been
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shown to be more effective with respect to final bone formation , especially when the medium is
29,30supplemented with dexamethasone during this period , .
The objective o f the present study was to investigate the effect o f a suspension-loading method 
versus a droplet-loading method in combination with prolonged in situ culturing on bone formation 
in titanium fiber (Ti) mesh scaffolds in a rat ectopic assay model.
MATERIALS AND METHODS
Scaffold materials
Sintered porous Ti-fiber mesh (Bekaert N.V., Zwevegem, Belgium) with a volumetric porosity o f 
86%, a density o f 600 g/m and a fiber diameter o f 50 pm  was used as scaffold material. The 
average pore size o f the mesh was about 250 pm. Ti-fiber mesh discs were punched out o f a Ti- 
fiber mesh sheet. As a result o f the fabrication process, the meshes had an easily discernable top 
and bottom. The prepared implants were disc-shaped w ith a diameter o f 6 mm, a thickness o f 0.8 
mm, and a weight o f about 15 mg.
All implants were ultrasonically cleaned with 70% ethanol for 15 min. The mesh was applied as- 
received (Ti) or provided with a thin (2 pm) Ca-P coating (Ti-CaP) on both sides. The coating 
procedure was performed using a commercially available RF magnetron sputter unit (Edwards ESM
31100) . The target material used in the deposition process was a copper disc provided with a plasma- 
sprayed hydroxylapatite coating (CAMCERAM). The process pressure was 5 x 10" mbar, and the 
sputter power was 400 W. The deposition rate o f the films was 100-150 nm/min sputtering.
After deposition, all coated specimens were subjected to an additional heat treatment for 2 h at 
500°C. X-ray diffraction (XRD), Fourier Transform Infrared spectroscopy (FTIR) and Energy 
Dispersive Spectroscopical (EDS) analysis showed that this resulted in coatings having a crystalline
25apatite structure with a Ca:P ratio o f 1.8-2.0 . Before use, the implants were sterilized by 
autoclaving for 15 min at 121°C. A total o f 156 discs were prepared: 78 Ti and 78 Ti-CaP.
Cell culture technique
32The rat bone marrow (RBM) cell culture technique was used as described by Maniatopoulos . 
RBM-cells were obtained from femora o f 16 six-week-old syngeneic Fisher 344 male rats (110-130 
g). Epiphyses were cut off, and both diaphyses were flushed out using complete medium consisting 
o f a-M inim al Essential Medium (a-M EM , Gibco BRL, Life Technologies B.V., Breda, the 
Netherlands) supplemented with 10% fetal calf serum (FCS, heat induced at 56oC for 35 min., 
Gibco), 50 mg/ml freshly prepared ascorbic acid (Sigma, Chemical Co., St. Louis, Mo., USA), 10
28
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mM Na-ß-glycerophosphate (Sigma), 10" M dexamethasone (Sigma), and gentamycin. A 15-ml 
aliquot o f this medium was used per two femurs. The cells were then suspended and cultured in 
complete medium in three 80-cm tissue culture flasks (Nunc. Products, Gibco) in a humidified 
atmosphere o f 95% air, 5% CO2 at 37oC. After 8 days o f primary culture, the cells were detached 
using trypsin/ EDTA [0.25% (w/v) trypsin/ 0.02% ethylene diamine tetra-acetic acid (EDTA)].
Scaffold preparation
After detachment, the cells were concentrated by centrifugation at 1500 rpm for 5 min, 
resuspended in a known amount o f medium and counted using a Coulter counter. The cell 
suspension was diluted to 5 x 106 cells/ ml in complete medium. Thereafter, the cells were seeded 
onto the carrier materials.
Cells were seeded on top o f the scaffold materials using either a droplet (D) or a suspension (S) 
loading method. For the droplet method, appropriate meshes were placed, top-side up, in a 24-well 
plate and loaded by placing 40-pl-aliquots o f the cell suspension (200,000 cells/mesh) on top o f the
4 2meshes. The meshes were exposed to a mild vacuum (5 x 10 N /m  ) for 10 min and then placed in 
an incubator (95% air, 5% CO2, at 37°C) for 2 h. W ith the suspension method, appropriate meshes 
were loaded by placing them in the cell suspension (5 x 106 cells/ ml) in an Eppendorf® tube (6 
meshes / 0.8 ml cell suspension). After a brief exposure to a mild vacuum applied with a 50-ml 
syringe, the tubes with the cell suspension and meshes were placed in an incubator for 2 h (95% air, 
5% CO2 at 37oC). The tubes were shaken manually every 30 min. After 2 h the meshes were 
removed from the tubes with the suspension and also placed in 24-well plates.
Following the incubation period, all specimens were placed in 24-well plates and 1 ml o f complete 
medium was added to each well. The medium was changed every 2-3 days. All constructs were 
cultured for 8 days in a humidified atmosphere o f 95% air, 5% CO2 at 37oC prior to implantation. 
After that, the medium was replaced by serum-free medium, and all o f the scaffolds were 
transported to the animal facility.
Experimental design and surgical procedure
For implantation, thirty-nine 4-week-old syngeneic Fisher 344 male rats (50-60 g) were used. 
Surgery was performed under general inhalation anesthesia with a combination o f halothane, 
nitrous oxide and oxygen. The RBM -loaded meshes were subcutaneously implanted into the back 
o f the animals. To insert the implants, we immobilized the animals in a ventral position. The back 
o f the animals was shaved, washed, and disinfected with povidone-iodine. To install the
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subcutaneous implants, we made four small longitudinal incisions on both sides o f the vertebral 
column. Lateral to the incisions, a subcutaneous pocket was created using blunt dissection. Implants 
were inserted with their top side towards the skin. After placement o f the implants, the skin was 
closed using staples (Agraven®).
Each animal received one subcutaneous implant o f each type. A statistical randomization scheme 
was used to localize the implants. A total o f 156 implants were placed: (1) 39 droplet-loaded Ca-P- 
coated Ti implants, (Ti-CaP-RBM-D); (2) 39 suspension-loaded Ca-P- coated Ti implants (Ti-CaP- 
RBM-S); (3) 39 droplet-loaded non-coated Ti implants, (Ti-RBM-D); and (4) 39 suspension-loaded 
non-coated Ti implants, (Ti-RBM-S). Implantation periods were 2, 4, and 8 weeks. A t the end o f 
each implantation period, 13 rats were sacrificed.
Further, four rats in the 8-week group received sequential triple fluorochrome labeling. The 
fluorochrome labels tetracycline (yellow), alizarin-complexone (red), and calceine (green) were 
administered at 2, 4, and 6 weeks post-operatively, respectively. These labels were injected 
intramuscularly except for alizarin-complexone, which was given subcutaneously. The treatment 
dose was 25 mg/kg body weight for each label.
In this study, national guidelines for the care and use o f laboratory animals were respected.
Implant retrieval and evaluation
At the end o f the experiment, euthanasia was performed using carbon dioxide. Following 
euthanasia, the implants with their surrounding tissue were retrieved and prepared for histological 
(n=7 for each material and time period) and calcium content analysis (n=6  for each material and 
time period).
Histology
The histological samples were fixed in 4% phosphate buffered formaldehyde solution (pH=7.4), 
dehydrated in a graded series o f ethanol and embedded in methylmethacrylate. Following 
polymerization 10-pm-thick sections were prepared per implant using a modified sawing
33microtome technique33. Before sections were made, the specimens were etched with hydrochloric 
ethanol for 15 s, stained with methylene blue for 1 min and stained with basic fuchsin for 30 s. The 
prepared sections were examined under a light microscope (Leica).
In addition to the thin sections described above, two additional 30-pm-thick sections were prepared 
from the samples o f the four animals that received fluorochromes. These sections were not stained 
but evaluated with a fluorescence microscope equipped with an excitation filter o f 470-490 nm. The
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light and fluorescent microscopical assessment consisted o f a complete morphological description 
o f the tissue response to the different implants. In addition, quantitative information was obtained 
on the amount o f bone formation into the various mesh implants i.e., the number o f specimens 
which showed bone formation.
Calcium content measurement:
The specimens for the calcium content analysis were lyophilized and kept at -80°C until the time o f 
measurement. After thawing, 1 ml o f acetic acid was added to each sample and stored overnight 
under constant shaking. The calcium content was determined using the orthocresolphthalein 
(OCPC) method34 w ith an ELISA reader set at a wavelength o f 575 nm.
Statistical evaluation:
A Fisher’s exact test was used to analyze the results o f the histological analysis. A Kruskal-Wallis 
non-parametric test was applied to evaluate the results o f the calcium content measurement. 
Differences between droplet-loaded and suspension-loaded specimens were tested within Ca-P- 
coated (Ti-CaP-RBM-D vs. Ti-CaP-RBM-S) and within non-coated (Ti-RBM-D vs. Ti-RBM-S) 
specimens at each time period. Differences between Ca-P-coated and non-coated specimens were 
tested within droplet-loaded (Ti-CaP-RBM-D vs. Ti-RBM-D) and suspension-loaded (Ti-CaP- 
RBM-S vs. Ti-RBM-S) specimens at each time period.
RESULTS
During the experiment, all o f the rats remained in good health and did not show any wound 
complications. A t the end o f the experiment, all o f the implants could be retrieved. A t retrieval, the 
implants were surrounded by a thin reaction-free fibrous capsule. No bone formation could be 
observed macroscopically.
Light microscopical evaluation
Evaluation o f the prepared sections revealed no major differences in overall tissue response with 
respect to the various implantation periods and fiber mesh materials. All o f the implants were 
surrounded by a thin fibrous tissue capsule. Hardly any inflammatory cells could be seen in Ca-P- 
coated specimens, while some multinucleated cells were present in the non-coated specimens.
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Implant:
Implantation period:
2 weeks 4 weeks 8 weeks
Ti-CaP-RBM-D 5 (n=7) • ◊ 6 (n=7) * 4 (n=7)
Ti-CaP-RBM-S 0 (n=7) • 2 (n=7) 2 (n=7)
Ti-RBM-D 0 (n=7) ◊ 0 (n=7) * 0 (n=7)
Ti-RBM-S 0 (n=7) 0 (n=7) 0 (n=7)
Table 1: The number of specimens which showing bone formation (n=7 for each implant and time period) 
and the results of the two-tailed Fisher’s exact test. (* = p< 0.005, • = p< 0.05, 0 = p< 0.05)
Further analysis revealed that in five o f the Ti-CaP-RBM-D implants bone-like tissue was present at 
2 weeks; this number had increased to six implants at 4 weeks. By 8 weeks there were only four 
implants showing bone-like tissue. In the Ti-CaP-RBM-S implants bone formation was absent in all 
o f the implants at 2 weeks and was present in only two implants at 4 and 8 weeks (Table 1).
Bone formation in these implants was characterized by the presence o f osteocyte-like cells 
embedded in a bone-like tissue matrix (Figure 1E). Bone present inside the scaffold, although a 
preference for the upper mesh area was observed. The newly formed bone was always in close 
contact with the Ti-fibers without an intervening fibrous tissue layer. The suspension-loaded Ca-P- 
coated implants appeared to support less bone formation than the droplet-loaded Ca-P-coated 
implants. In none o f the sections was cartilagenous tissue observed.
In droplet-loaded specimens the appearance o f the bone-like tissue varied from single or multiple 
spheres (Figure 1A, B) to filling a significant part o f the mesh porosity (Figure 1C, D). The latter 
was demonstrated by four o f the five positive implants at 2 weeks, by two o f the six at 4 weeks, and 
by two o f the four at 8 weeks. W hen bone filled a significant part o f the porosity bone marrow-like 
tissue was observed inside the newly formed bone. For droplet-loaded implants, the amount o f bone 
per implant seemed to be highest at 2 weeks; it had decreased by 4 weeks and had remained at that 
level at 8 weeks.
In suspension-loaded specimens only single or multiple spheres were observed in the mesh material 
(Figure 1A, B), and in only half o f the positive implants was bone present in all three prepared 
sections o f each specimen. In suspension-loaded implants the amount o f bone formation seemed the 
same at 4 and 8 weeks.
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Figure 1: Undecalcified sections of:
(A,B) Ca-P-coated mesh loaded with RBM cells using a suspension method (Ti-CaP-RBM-S) 8 weeks 
after implantation. [(A) orig. magn. 10x, (B) orig. magn. 1.6x].
(C, D) Ca-P-coated mesh loaded with RBM cells using a droplet method (Ti-CaP-RBM-D) 4 weeks after 
implantation. [(A) orig. magn. 10x, (B) orig. magn. 1.4x].
(E ) Ca-P-coated mesh loaded with RBM cells using a droplet method (Ti-CaP-RBM-D) 4 weeks after 
implantation. Bone formation is present in close contact with the titanium fibers (Ti). (orig. magn. 
20x).
(F,G) non-coated mesh loaded with RBM cells using a droplet method (Ti-RBM-D) 4 weeks after 
implantation. [(F) orig. magn. 10x, (G) orig. magn. 1.4x].
(H) non-coated mesh loaded with RBM cells using a droplet method (Ti-RBM-D) 4 weeks after 
implantation (orig. magn. 20x).
In none o f the Ti-RBM-D and Ti-RBM-S implants was bone-like tissue observed. However, all o f 
the implants showed irregular deposits o f a basic fuchsin-stained layer in close association with the 
titanium fibers (Figure 1F, G, H). Again these deposits showed a preference for the upper mesh
9 0
Chapter 5
area. The deposited layer did not show a typical bone-like organization: no osteocyte-like cells 
embedded in a mineralized tissue matrix were seen (Figure 1H). On the other hand, multi-nucleated 
cells were observed in close association with the deposits at all evaluation periods.
Figure 2: Fluorescent light micrograph of:
(A) a calcium phosphate-coated mesh loaded with RBM cells using a droplet method (Ti-CaP-RBM-D) 8 weeks 
after implantation. Clear ossification fronts can be observed in the newly formed bone. The newly formed bone 
shows a preference for the upper mesh area (orig. magn. 5x).
(B) a calcium phosphate-coated mesh loaded with RBM cells using a droplet method (Ti-CaP-RBM-D) 8 weeks 
after implantation. In the center of the spherical-shaped bone, the tetracycline label (T, yellow) can be observed, 
followed more excentrically by the alizarin complexone label (A, red) and the calcein label (C, green). The 
accumulation sequence of the various labels demonstrates that the newly formed bone was deposited on the 
fibers proceeding away from the surface (orig. magn. 20x).
(C) a calcium phosphate-coated mesh loaded with RBM cells using a droplet method (Ti-RBM-D) 8 weeks after 
implantation. Fluorochrome stained deposits can be seen throughout the mesh. Suspension-and droplet-loaded 
implants showed the same image (orig. magn. 5x)
(D ) a calcium phosphate-coated mesh loaded with RBM cells using a droplet method (Ti-RBM-D) 8 weeks after 
implantation. No organized bone formation with clear ossification fronts was observed. Diffusely stained 
deposits of tetracycline (T, yellow) [and sometimes calcein (C, green)] are mainly localized in close contact with 
the titanium fibers (orig. magn. 10x).
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Table 1 provides quantitative information on the number o f specimens showing bone formation. 
The presence o f bone formation was defined as a positive implant. Our statistical analysis, using the 
Fisher’s exact test (two-tailed), revealed a significant difference between Ti-CaP-RBM  and Ti- 
RBM implants for Ti-CaP-RBM-D versus Ti-RBM-D at 2 (P<0.05) and 4 (P<0.005) weeks. In 
addition, at 2 weeks a significant difference was present between Ti-CaP-RBM-D and Ti-CaP- 
RBM-S implants (P<0.05) (Table 1).
Fluorescence microscopical evaluation
Fluorescence microscopical evaluation o f labeled 8-week sections revealed that in only one o f the 
evaluated Ti-CaP-RBM-D and in one o f the Ti-CaP-RBM-S was bone present. The newly formed 
bone was deposited initially at the surface and then grew into the porosity (Figure 2A, B). In none 
o f the Ti-RBM implants was organized bone formation with clear ossification fronts observed. In 
all o f the specimens, diffusely stained deposits o f tetracycline (and sometimes calcein) were mainly 
localized in contact with the Ti-fibers (Figure 2C, D).
Calcium content
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Figure 3 showing a Box-Whisker plot of the results of the calcium content measurements (n=6 for each 
implant and time period). The line within the boxes indicates the median. The boxes indicate the 25th to 75th 
percentile of the data. The error bars indicate the 5th and 95th percentile. Significant differences of the 
Kruskal-Wallis non-parametric test are also shown.
9 2
Chapter 5
Calcium content measurement
The box-whisker plot o f Figure 3 shows the results o f the calcium content measurement. 
Calcification was present in all experimental groups as early as 2 weeks. Nevertheless, a wide 
variation in the total amount o f calcium existed between the various specimens and implantation 
periods.
Statistical evaluation o f the data using a Kruskal-W allis non-parametric test revealed a significantly 
lower calcium content in the Ti-CaP-RBM specimens than in Ti-RBM specimens at 2 and 4 weeks 
for both Ti-CaP-RBM-D versus Ti-RBM-D (2 weeks: P< 0.01, 4 weeks: P<0.005) and Ti-CaP- 
RBM-S versus Ti-RBM-S (P< 0.005) specimens, and at 8 weeks for Ti-CaP-RBM-D versus Ti- 
RBM-D only (P<0.01) (Figure 3). In addition, at 2 weeks the Ti-CaP-RBM-D specimens showed a 
significantly higher calcium content than the Ti-CaP-RBM-S specimens (P<0.05). For non-coated 
specimens no difference was found with respect to loading methods.
DISCUSSION
25In a previous rat ectopic assay we evaluated the bone generating properties o f Ca-P-coated and 
non-coated Ti-mesh implants loaded with RBM cells using a droplet-loading technique without 
prolonged culturing in vitro. Bone-like tissue formed in both the Ca-P-coated and non-coated 
specimens, but disappeared in the non-coated specimens by 8 weeks. In the present study we 
observed bone-like tissue formation only for Ca-P-coated specimens. No histomorphometrical 
analysis was performed, instead calcium content was quantified. For non-coated specimens we 
found only irregular calcified deposits that showed none o f the morphological characteristics o f 
bone. The mineralized nature o f these deposits was confirmed by the calcium content 
measurements.
We hypothesize that the beneficial effect o f a Ca-P coating is due to a positive effect on cell
35 37differentiation " . Consequently, marrow-derived MSCs are directed into the osteoblast lineage. 
This corroborates with previous in vitro studies o f our group in which the application o f a Ca-P 
coating on solid titanium discs has been shown to delay the proliferation o f rat bone marrow cells
36 38by 8 days, while differentiation was stimulated by 16 days ’ . This positive effect o f a calcium
2+phosphate coating can be mediated by an increased level o f Ca -ions that results from the 
superficial dissolution o f the coating. Osteoblast-like cells have been shown to possess calcium
39 2+receptors on their surface . It is also known that Ca -ions can stimulate cells within the osteogenic 
lineage to express BMP-2 and BMP-4 mRNA, to produce collagen type I and to proliferate40, 41. An
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additional effect o f a calcium phosphate coating can be achieved due to the high affinity o f calcium 
phosphate ceramics to bone-growth-stimulating proteins, such as BMPs42, 43. This last suggestion
27has recently been confirmed for thin Ca-P coatings .
We observed that for all o f the implantation periods only a calcified deposit was present in the 8- 
day cultured non-coated meshes. Earlier scanning electron- and light-microscopical observations o f
non-coated 3D-Ti scaffolds revealed that after 8 days o f culturing a dense confluent layer o f cells
20with some mineralized matrix is present in the upper part o f the mesh20. In order to form bone upon 
implantation, an adequate cell-cell, cell-matrix, and cell-vascular relationship has to be present44, 45. 
We suppose that this dense layer prevents the creation o f an adequate cell-vascular relationship. 
Consequently, the cells might not be able to survive.
Nevertheless, calcium measurements revealed an increase in calcium content in these non-coated 
specimens after implantation (Figure 3). This calcification occurred without any morphological 
evidence o f bone formation. This phenomenon has also been described for non-cell loaded solid 
titanium discs provided with an amorphous calcium-phosphate coating. In that study, a CO3-AP 
precipitate was formed on the discs after implantation in rabbits46. The formation o f such a 
biological apatite on implant surfaces is probably influenced by dissolution/precipitation-mediated 
events47, 48. The partial dissolution o f the calcium phosphate surface causes an increase in the levels 
o f local calcium and phosphate ions, thereby increasing the degree o f saturation in the micro­
environment. This will facilitate the precipitation o f a stable calcium phosphate phase which 
incorporates other ions (carbonate, magnesium etc.) and organic macromolecules from the 
biological fluids49, 50. In a similar way, the dissolution o f the initial in vitro calcification within our 
Ti-RBM  specimens might have initiated a dissolution/precipitation process that resulted in 
increased mineral deposition. This was confirmed by the fluorescent labeling results. For the non­
coated specimens no clear ossification fronts were observed.
The bone formation in our study showed a high inter-implant variability, as illustrated by both the 
histological and calcium content analyses. The histological analysis demonstrated that not all 
implants formed bone and that the amount o f bone formed varied between implants. Calcium 
content in the Ti-CaP-RBM meshes was also variable. Some implants revealed high amounts o f 
calcium (up to 1000  pg per implant), while others showed values not higher than the measured 
calcium content for the Ca-P coating alone. In the Ca-P-coated meshes a small amount o f calcium 
was present in the Ca-P coating [132 (+/- 11) pg, not shown in Figure 1]. We did not subtract the 
calcium content from the in vivo calcium content data since the coating might dissolve in vivo.
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In light o f the above, attention must be given to the fact that apparently optimal culture techniques 
are scaffold-dependent. Further, our findings emphasize that the use o f single bone marker 
parameters, like calcium content, does not provide sufficient information on the amount and quality 
o f tissue-engineered bone. This underscores the important role o f morphological analysis and the 
assessment o f in vivo osteogenic activity.
In the histological sections, cartilagenous tissue never was observed. Intra-membranous bone 
formation, without the presence o f cartilage, has also been reported for ceramic scaffolds loaded
29,51,52with fresh and cultured bone marrow stromal cells , , . Still, in order to fully characterize the 
bone formation process, shorter implantation periods have to be investigated.
The biochemical and histological analysis o f our specimens revealed that the use o f two different 
cell-seeding methods did not affect the final amount o f bone formation. Although histological and 
calcium content measurements showed that at 2 weeks a significant effect was seen with the droplet 
method, this effect had disappeared by 4 and 8 weeks. W ith the droplet method, scaffolds are 
incubated with a cell suspension droplet placed on their upper surface. W ith the suspension method, 
scaffolds are in contact with the cell suspension on all sides during incubation. Thereby increasing 
the potential surface area for attachment. Since our implants are very thin (only 800 pm), this 
possible advantage o f the suspension method may disappear. The initial positive effect o f the 
droplet method can be explained since in our experimental setup with the droplet method the 
number o f loaded cells can be better standardized.
The findings o f the fluorescent labeling study showed that in Ca-P-coated meshes bone had been 
deposited on the titanium fibers, growing away from the surface o f the scaffold. This is in 
concordance with bioactive implant materials or implants provided with a bioactive surface coating, 
where bonding osteogenesis has been described29,51,53- 56. In a previous study, we did not observe 
bonding osteogenesis, but bone formation started in the porosity o f the mesh and proceeded towards
25the titanium surface . We know that the deposited thin RF magnetron sputter coating is present on 
the outer titanium fibers but does not reach the surface o f the inner titanium fibers, despite the fact 
that we coat the mesh on both sides. As a result, the inside o f the mesh still consists o f the original 
titanium surface. In the present study, we found that bone formation showed a preference for the 
upper mesh area, with the occurence o f bonding osteogenesis. In the previous study, bone was 
present inside the mesh without a preference for the upper mesh area, which could explain the 
absence o f bonding osteogenesis.
We conclude that the combination o f Ti-mesh with RBM cells can indeed generate ectopic bone 
formation after prolonged in situ culturing. Prolonged culuring in vitro has different effects for Ti
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and Ti -CaP implants. In Ti-CaP implants bone-like tissue was present, while in Ti-implants only 
abundant mineralization was present without a bone-like tissue organization. No effect o f the 
loading method, droplet versus suspension, was observed on the final amount o f bone. Finally, our 
results confirm that a thin Ca-P coating can have an additional effect on the bone generating 
properties o f a scaffold material.
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INTRODUCTION
Tissue engineering is a new approach to reconstruct and/or regenerate lost or damaged tissue. It 
involves the fabrication o f a so-called three-dimensional autologous tissue construct. For example, 
this means that for tissue engineering o f bone, a successful and productive interaction between 
osteoconductive matrix, osteoprogenitor or osteoblastic cells, and osteoinductive growth factors is
required. The matrix gives shape to the construct. Further, it can stimulate the cells to proliferate
1 2and secrete growth factors. In previous studies ’ from our group, titanium fiber mesh proved to be 
a suitable scaffold for bone engineering. These studies demonstrated that osteogenic cells attached 
and grew well in the titanium fiber mesh. Additional histological evaluation confirmed that titanium 
fiber mesh in combination with BMP and/or rat bone marrow cells could induce and generate 
ectopic bone formation in rats .
Bone marrow stroma consists o f a heterogeneous population o f cells that have the potential to 
differentiate into bone, cartilage, adipocytes, or hematopoietic supporting tissues 3’4. Therefore, 
bone marrow stroma provides an unique opportunity to create bone tissue. By using a specific 
protocol for this procedure, osteogenic cells can be selected from this heterogeneous group o f cells. 
However, the optimal protocol is still unknown. For example, when predifferentiated stromal 
osteoblasts are seeded into porous ceramic cubes and implanted subcutaneously, they form bone 
one week after implantation 5’6. This is much earlier than found in comparable constructs seeded 
with fresh bone marrow or undifferentiated mesenchymal stromal cells7. Evidently, for the final 
bone formation, the osteogenic potential o f the cells as seeded in the scaffolds, is very important. To 
enhance the osteogenic potential o f the construct several conditions can be modified during and 
after seeding, by optimizing the number o f loaded cells 8-10 and, conditions during culturing 11-14. 
Also, the addition o f factors like dexamethasone and BMPs are known to direct the differentiation
15 18o f mesenchymal stromal cells into the osteoblast lineage - . Finally, the use o f scaffold material 
and surface modifications, like a calcium phosphate coating, can play an important role in 
stimulating the osteogenic potential o f stromal cells 19-21.
In view o f the above mentioned, our previous studies with titanium fiber mesh showed that culture
22time could be important for the final bone formation. V ehof et.al. found in their study that cell- 
loaded titanium fiber mesh, without prolonged culturing, resulted in a very limited amount o f bone 
after implantation. On the other hand, they found in another study, that prolonged culturing (8 days) 
o f cell-loaded titanium fiber mesh showed abundant mineralization without a bone-like tissue
23organization .
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Consequently, the purpose o f the present study was to evaluate the effect o f culture time on bone 
formation by rat bone marrow cells seeded in titanium fiber mesh. Therefore, osteogenic cells were 
cultured for 1, 4, and 8 days in titanium fiber mesh and subsequently subcutaneous implanted in 
rats. DNA analysis, SEM analysis, and calcium measurements were used to follow cellular 
proliferation and differentiation during the in vitro incubation period o f the meshes.
MATERIALS AND METHODS
Substrates
Sintered titanium fiber mesh (Bekaert N.V., Zwevegem, Belgium) with a volumetric porosity o f 
86%, density o f 600 g/m2 and a fiber diameter o f 50^m  was used as a scaffold material. The 
average pore size o f the mesh was about 250^m. The prepared implants were disc shaped with a 
diameter o f 6 mm, thickness o f 0.8 mm, and weight o f about 15 mg. In total, 120 titanium discs 
were made. All discs were cleaned ultrasonically for 10 minutes with isopropanol and then 
sterilized by autoclavation for 15 minutes at 121°C.
Cell culture
Rat bone marrow (RBM) cells were isolated and cultured using the method described by
24Maniatopoulos . RBM cells were obtained from femora o f syngenetic male Fisher 344 rats. 
Femora were washed 4 times in a -  M EM (Minimal Essential Medium; MEM Gibco BRL, Life 
Technologies B.V. Breda, The Netherlands) with 0.5 mg/ml gentamycin and 3 pg/ml fungizone. 
Epiphyses were cut o ff and diaphyses flushed out with 15 ml a -  MEM, supplemented with 10 % 
FCS (foetal calf serum, Gibco), 50 pg/m l ascorbic acid (Sigma, Chemical Co., St.Louis, MO,
o
USA), 50 pg/m l gentamycin, 10 mM N a ß-glycerophosphate (Sigma) and 10 M dexamethasone 
(Sigma). Cells were incubated in a humidified atmosphere o f 95 % air, 5 % CO2 at 37°C.
After 7 days o f primary culture, cells were detached using trypsin/EDTA (0.25% w/v trypsin/0.02% 
EDTA). The cells were concentrated by centrifugation at 1500 rpm for 5 min. and resuspended in a 
known amount o f medium (5 ml). Cells were counted by a Coulter® counter. In order to seed the 
cells into the scaffolds a high cell density suspension was used (3x106 cells/ml). Therefore, 
repeatedly 30 meshes were rotated in a 10 ml tube (containing 30x106 cells) on a rotation plate 
(2rpm) during 3 hrs. After the cell seeding period, meshes were placed in a 24 wells plate: one per 
well. One ml o f complete medium was added to each well. Subsequently, cells were cultured under 
static conditions on the titanium fiber mesh for 1 (T i1), 4 (Ti4), and 8 (Ti8) days in a humified 
atmosphere o f 95% air, 5% CO2 at 37°C. M edium was changed every two or three days. A t the end
1 0 3
Bone formation by rat bone marrow cells cultured on titanium fiber mesh: effect of in vitro culture time.
o f the respective incubation periods, meshes were washed two times in serum-free medium. Then, 
two different routes were followed (Table 1); i.e. 48 specimens were used for DNA, Calcium, SEM 
and LM analyses. The other 72 specimens were used for subcutaneous implantation in rats.
Rat bone marrow cells
in vitro culture tim e
1 day 6 rats (n=6)
4 days 6 rats (n=6)
8 days 6 rats (n -6 )
in vivo 4 weeks implantation period 
subcutaneously in rats (n=18)
DNA Ti1 (n=6)
Ti4 (n=6)
Ti8 (n=6)
LM Ti8 (n-3)
Ca Ti1 (n=6 )
Ti4 (n=6)
Ti8 (n=6)
SEM Ti1 (n=3)
Ti4 (n=3)
Ti8 (n=3)
Ca Ti1 n=6
Ti4 n=6
Ti8 n=6
Histology Ti1 n=8
Ti4 n=8
Ti8 n=8
Table 1 : Schematic overview of experiment
DNA analysis
For the DNA assay (n=6), medium was removed and the cell layer was washed twice with PBS. 0.5 
ml 1 M NaOH was added to each mesh to lyse the cells. The cells were harvested in 1.5 ml 
eppendorf tubes, and the cell suspension was sonicated for 10 minutes. DNA was collected and 
stored at -20°C until use. Before analysis, the samples were neutralized with an equal volume o f 1 
M HCl-PO4. For the assay, a DNA standard curve was made with Salmon testes DNA (0 - 4 mM). 
125pl o f the sample or standard were added to a 96-well plate. Subsequently, 125pl Hoechst dye 
working solution was added to the well and was incubated in the dark for three hours. After 
incubation, the plate was scanned on a fluorescence plate reader with excitation filter 365nm and 
emission filter 450nm.
Calcium content
Calcium content in the samples (n= 6 ) was measured by the OCPC (ortho-cresolphthalein 
complexone) method. Therefore, substrates were washed twice in PBS and placed at the bottom of 
24-well plates. 500pl 0.5 N  acetic acid was added to the wells and the substrates were incubated
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overnight. Samples were frozen at -20°C until used.
OCPC solution was prepared as follows: 80 mg OCPC was added to 75 ml demineralized H2O with
0.5 ml KOH (1M), 0.5 ml 0.5 N  acetic acid. To prepare sample solution, 5 ml OCPC solution was 
added to 5 ml o f 14.8 M ethanolamine/boric acid buffer (pH11), 2 ml 8 -hydroxyquinoline (5 g in 
100ml 95% ethanol) and 88 ml demineralized water. 300 pl o f sample solution was added to 10 pl 
o f sample. To generate a standard curve, serial dilutions o f CaCl2 were made (1-200pg/ml). The 
plate was incubated at room temperature for 10 minutes and then read at 575nm.
Scanning electron microscopy (SEM)
Samples (n=3) for SEM were washed twice with PBS. Fixation was carried out for 30 minutes in 
2% gluteraldehyde. Then, substrates were washed twice with 0.1 M sodium-cacodylate buffer (pH 
7.4), dehydrated in a graded series o f ethanol and dried by tetramethylsilane. The specimens were 
sputter-coated with gold and examined and photographed using a Jeol 6310 SEM at an acceleration 
voltage o f 15kV.
Implantation assay
For implantation, 18 four-week-old syngenetic Fisher 344 male rats (50-60 g) were used. Each 
animal received four subcutaneous implants. A statistical randomization scheme was used and a 
total o f 72 implants were placed (see Table 1). The samples without cells served as controls for 
calcium measurements and for histology.
Surgery was performed under general inhalation anaesthesia with a combination o f halothane, 
nitrous oxide and oxygen. To insert the implants, the animals were immobilized in a ventral 
position. The back o f the animals was shaved, washed and desinfected with povidone-iodine. 
Subsequently, two small longitudinal incisions were made on each side o f the vertebral column. 
Lateral to the incisions, a subcutaneous pocket was created using blunt dissection. After placement 
o f the implants, the skin was closed using staples (Agraven®).
Further, 9 out o f the 18 rats received sequential double fluorochrome labelling. The Alizarin- 
complexone and Calcein label was administered subcutaneously (see Table 2). The treatment dose 
was 25 mg/kg body weight for each label. A t the end o f the 4-week implantation period, all rats 
were sacrificed using an overdose o f CO2 anaesthesia.
In this study, national guidelines for the care and the use o f laboratory animals were respected.
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Fluorochrome labeling (Ti1 (n=8), Ti4 (n=8), Ti8 (n=8))
W eek s
before
sacrifice
F luorochrom e Color D ose
3 Alizarin red 25  mg/kg
1 ca lce ine g reen 25  mg/kg
Table 2: During implantation period, nine out of eighteen rats achieved fluorochrome labeling. These rats 
were also used for histology.
Light Microscopy
All in vitro samples intended to be prepared for light microscopy, and all retrieved in vivo 
specimens were fixed in 4% phosphate-buffered formaldehyde solution (pH 7.4). After fixation, the 
samples were dehydrated in a graded series o f ethanol and embedded in methylmethacrylate. After 
polymerization, thin sections ( 10^m ) were prepared using a modified sawing microtome technique
2525. The sections were stained with methylene blue and basic fuchsin and investigated with a light 
microscope (Leica).
O f the fluorescent samples, as obtained from the rats, that received fluorochromes, two additional 
20 ^m  thick sections were prepared. These sections were not stained. They were evaluated with a 
fluorescence microscope (Leica) equipped with an excitation filter o f 470-490 nm.
The light microscopical assessment consisted o f a complete morphological description o f the tissue 
response to the different implants. Quantitative information about bone formation was obtained 
from the calcium measurements and by estimating the percentage o f bone as characterized by the 
percentage o f bone-like tissue present in the mesh. The grading scale was made as followed; 0-20%, 
(+); 20-40%, (++); 40-60%, (+++); 60-80%, (++++); 80-100%, (+++++).
Statistical analysis
Data from DNA and Calcium analyses were examined for outlyers with the Dixon test and, for 
normal distribution. Data from the DNA analysis were examined by using the Student’s t-test. 
Calcium data were examined using the one-way ANOVA test followed by the Tukey test. 
Calculations were performed in Statmost32 (DataM ost Corporation, South Sandy, USA).
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RESU LTS
In vitro study 
DNA
DNA content o f the cells was affected by the length o f time when the cell/Ti mesh constructs were 
in culture (Figure 1). There was no significant difference (P>0.05) in DNA content o f the cultures 
between Tii and Ti4. On the other hand, there was a 42% increase in DNA between day 4 and 8 .
70 
60 
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40
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20 
10 
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Figure  1: DNA content o f RBM  cells cultured for 1, 4 and 8 days on titanium fiber mesh. Values 
are mean ±  SD. *) There was a significant difference in DNA content between day 1 and day 8 . #) 
Also a significant difference was found between day 4 and day 8 . The data were statistically 
analyzed with a t-test (P<0.05).
Calcium
Calcium content o f the cell/constructs was also dependent on time in culture (Figure 2). On day 1, 
only low levels o f calcium were detectable. A t day 4 the amount o f calcium had increased to 96%. 
From day 4 to 8 , there was a small but statistically significant (P<0.05) increase in calcium content.
SEM
SEM analysis (Figure 3) showed that at day 1 the fiber meshes were covered with well-spreaded 
cells. These cells were evenly distributed around the titanium fibers. No sheets o f cells were seen. 
A t day 4, the deposition o f a calcified matrix, characterized by the occurrence o f globular 
accretions, could already be recognized. The Ca-P nature o f the deposit was confirmed by energy 
dispersive spectrometry (EDS). A t day 8 , calcification appeared to increase. Large and small 
globular accretions as well as collagen bundles covered the titanium fibers almost completely. Cells 
could appear to be well-spreaded around the fibers. They had a very flattened appearance and were 
consequently difficult to detect with SEM.
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Figure 2: Calcium content of RBM cells cultured for 1, 4, and 8 days on titanium fiber mesh. Values are 
mean ± SD. *) There was a significant difference in calcium content between day 1 and day 4. #) Also a 
significant difference was found between day 1 and day 8 . a) A significant difference was also found 
between day 4 and 8 . The data were statistically analyzed with an one-way ANOVA followed by the Tukey 
test (P<0.05).
Light Microscopy
Light microscopical evaluation o f the day 8 samples confirmed the occurrence o f calcification 
throughout the titanium fiber mesh (Figure 4). The sections showed the presence o f a mineralized 
matrix and osteoblast-like cells. Nevertheless, no osteocyte-like cells were embedded in the 
mineralized matrix.
In vivo study 
Light Microscopy
During the experiment, all rats remained in good health and did not show any wound complications. 
At retrieval, a thin reaction free fibrous capsule surrounded all implants. No bone formation could 
be observed macroscopically.
Light microscopical evaluation o f the prepared sections revealed that none o f the control implants 
(Ti) showed bone formation. Inside these implants, the fiber mesh porosity was filled with fibrous 
tissue with capillaries. No inflammatory reaction was observed inside or around these controls. 
Some o f them showed fatty tissue ingrowth. Histological analysis o f the T i1 and Ti4 specimens 
revealed the presence o f uniformly distributed bone-like tissue (Figure 5A, and B). The bony tissue 
was morphologically characterized by the occurrence o f osteocytes embedded in a mineralized 
matrix. This mineralized matrix was covered with osteoid and osteoblasts. Besides bone, fibrous 
tissue with capillaries could be recognized in the mesh construct. As listed in Table 3, bone-like 
tissue was observed in all T i1 and Ti4 specimens. Further, in 3 o f the Ti4 implants, a haematopoietic 
bone marrow-like tissue was seen. The Ti8 specimens revealed the presence o f a mineralized matrix 
inside the mesh porosity (Figure 5C; Table 3). In contrast to the T i1 and Ti4 specimens, this matrix 
lacked osteocyte-like cells and was not surrounded by osteoid with active osteoblasts. In all Tig
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implants, mononuclear cells, like lymphocytes were seen. This indicates the occurrence o f a mild 
inflammatory response. In 3 out o f 8 Tig implants, even multinuclear cells could be recognized.
Figure 3: SEM pictures; A) After 1 day of culture, fibers were covered with layers of well- spreaded 
osteogenic cells (see arrow). B) After 4 days of culture, the deposition of a calcified matrix, 
characterized by the occurrence of globular accretions (see arrow), could already be recognized. C)
After 8 days of culture, calcification appeared to increase. Large and small globular accretions as well 
as collagen bundles (see arrow) covered the fibers almost completely.
Fluorescence Microscopy
Fluorescence microscopy confirmed the formation o f mineralized tissue in all Ti1 and Ti4 
specimens. The fluorescent labels that stained the mineralization front, demonstrated that bone 
formation started from the fibers o f the meshes and proceeded away from the surface. In the Tig 
specimens never clear mineralization fronts could be observed. Further, in 2 o f the 8 Tig implants as 
used for fluorescence microscopy, no mineralized matrix at all was observed.
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Figure 4: Light microscopical section of titanium fiber mesh loaded with RBM cells after 8 days of in vitro 
culture. The sections showed the presence of a mineralized matrix (arrow). Nevertheless, no osteocyte-like 
cells were embedded in the matrix. Original magnification 40x.
Calcium
The calcium measurements (Figure 6) revealed that calcification in T i1 implants was significantly 
higher (P<0.05) compared to Ti4 and Tig implants. No significant difference in calcium content 
existed between Ti4 and Tig implants.
Comparison o f the in vivo calcium measurements with the in vitro data revealed that only a 
significant increase (P<0.05) in calcium deposition after implantation had occurred in the T i1 
specimens.
DISCUSSION
The effect o f in vitro culture time on bone formation by rat bone marrow cells cultured on titanium 
fiber mesh was examined before and after implantation subcutaneously in rats. DNA, Calcium, 
SEM  and Light M icroscopy (LM) analyses were used to examine the proliferation and 
differentiation o f cells in the constructs before implantation. We have to notice that each analysis 
method has its limitation. For example, Calcium analysis can only measure the amount o f calcium 
present in a scaffold but cannot distinguish between precipitated calcium or calcium that is formed 
by the cells. SEM and LM allow only the visualization o f a specific part the construct. Therefore, 
for our final conclusions the different results will be compared and combined. In view o f this, we 
have also to mention that previous studies in our laboratory confirmed the relative similarity 
between calcium and histomorphometrical bone quantity measurement .
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Figure 5: Light microscopical sections of implants loaded with RBM cells that were cultured for 1, 4, and 8 
days. After culture, meshes were implanted for 4 weeks. A) The bony tissue in Ti-i implant was 
morphologically characterized by the occurrence of osteocytes embedded in a mineralized matrix. Original 
magnification 4öx. B) The presence of bone-like tissue uniformly distributed in all Ti-i and Ti4 implants. 
Original magnification 10x. C) The presence of a mineralized matrix inside the Ti8 mesh porosity, this matrix 
lacked osteocyte-like cells. Original magnification 40x.
DNA analysis showed no significant increase in DNA content during the prolonged culturing o f 
RBM cells from day 1 to day 4 in the titanium mesh. This finding does not corroborate with earlier 
pilot studies that showed an increase in DNA content from day 1 to 8 . This discrepancy can be 
explained by the biological variation o f our heterogeneous primary cell population as isolated from 
rats. Further, we have to emphasize that the RBM cells, as used in the current study, appear to be 
more osteogenic than in earlier studies. This observation underlines the problem with primary 
cultures. The use o f cell lines that consist o f a more homogenous cell population can prevent this 
problem. However, for clinical application cell lines cannot be used. Further, we suppose that the 
same problem will occur when human bone marrow cells are used. Consequently, this variation in 
bone forming capacity o f bone marrow cells has to be solved before a reliable bone construct can be 
made. Perhaps, a solution cannot be found before we are able to select the appropriate osteogenic 
cells out o f the bone marrow.
Considering the DNA analysis o f the in vitro specimens, we also have to notice that the results 
appear to contradict the calcium measurements. However, we know that an inverse relationship
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exists between proliferation and differentiation 26. This can explain why at similar DNA contents 
still differences can exist in calcium amount. In addition, our in vitro calcium data are confirmed by 
the SEM evaluation o f similar prepared samples.
Figure 6: Calcium content of implants after 4 weeks of implantation. These are meshes with a culture time of 
1, 4 or 8 days before implantation. Values are mean ± SD. *) Ti! implants compared with Ti4 showed a 
significant difference in calcium content. #) There was also a significant difference between Ti! implants and 
Ti8 implants. The data were statistically analyzed with an one-way ANOVA followed by the Tukey test 
(P<0.05).
Moreover, we observed an earlier start o f calcification compared with previous pilot studies o f 
titanium mesh loaded with RBM cells. This difference can be attributed to the used dynamic cell 
seeding technique. W e know already from pilot studies that suspension incubation in combination 
with rotation o f the scaffolds at low speed rate stimulates the attachment and invasion o f cells into
12 13 27 28titanium fiber mesh. This is confirmed by other research groups ’ ’ ’ , who also observed 
increased cell attachment and well-established cell distribution in porous scaffolds with a dynamic 
cell seeding method.
Probably, the calcification in our titanium mesh can be further enhanced by the use o f high cell 
density suspension (8 x 105 cells/ml). Again, a pilot experiment proved that this has a positive effect 
on cell attachment and invasion compared to low cell density (8 x 104 cells/ml). High cellularity is
29known to enhance cell-to-cell contact and communication between cells .
The obtained in vivo results are even more remarkable than the in vitro data. In the meshes that 
were cultured for 1 day (Ti1) after RBM cell seeding, we observed bone formation, as characterized 
by the presence o f osteocytes. On the other hand, in the Ti8 implants only mineralized matrix was 
found. Comparison o f the in vitro and in vivo calcium measurements revealed that only in the 
T i1meshes the amount o f calcium increased during implantation.
W e suppose that in T i1 implants mainly osteogenic cells were present. The presence o f bone in the
22T i1 samples corroborates with a study o f V ehof et al 22. They seeded rat bone marrow cells in 
titanium fiber mesh using a so-called droplet technique. The meshes were implanted 2 hours after
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cell seeding in a subcutaneous position in rats. After 4 weeks, bone formation was observed inside 
the mesh material. Nevertheless, due to the used seeding technique, the amount o f bone formation 
was significantly less compared with the current study. In the Ti4 and Ti8 implants a considerable 
amount o f mineralized matrix was already deposited during the culture period. The Ti8 implants 
even showed the occurrence o f inflammatory cells. W e hypothesize that this is caused by 
dissolution o f the in vitro deposited mineralized matrix. This is supported by the observation o f
30 32other research groups " . They reported that dissolution o f calcium phosphate could evoke an 
inflammatory response. In addition, cells die due to a high concentration o f calcium ions. 
M itochondria are known to possess a high capacity for calcium uptake. They function as buffer
33’34compartment for calcium ions ’ . During dissolution o f the mineralized matrix in Ti4 and Ti8 
specimens, the concentration o f calcium ions will increase inside the mitochondria. Finally, calcium 
phosphate crystals will be formed and lyses o f the mitochondria will occur. Consequently, all 
metabolic processes will stop, which results in immediate cell death.
W e have to emphasize that the addition o f dexamethasone to the culture medium can enhance the 
above-described process. For example, in other studies 35’36 bone formation with embedded 
osteocytes and active osteoblasts was still observed to occur after culture times o f 2 and 3 weeks 
before implantation. However, in their studies, during primary culture no dexamethasone was added 
to the culture medium. Early use o f dexamethasone, i.e. already in primary cell culture, as done by 
us, results in more differentiated and osteoblast-like cells than using dexamethasone for the first
37time in the secondary cell culture 37.
The bone formation process and mineralized matrix deposition as observed in the T i1, Ti4 and Ti8 
implants was confirmed by the histological analysis o f the fluorescent-labelled specimens. Only the 
samples where bone was present revealed a clear mineralization front. This bone was deposited in a 
centrifugal manner, starting from fibers o f the meshes. This is in concordance with bioactive
38implant materials, where bonding osteogenesis has been described .
On basis o f our results, bone formation was induced more effective by a short culture time o f 
osteogenic cells after seeding in titanium fiber mesh. We also conclude that dynamic cell seeding is 
probably more effective than static cell seeding. Finally, we conclude that selecting the right cells 
from the heterogeneous bone marrow population remains a problem.
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Bone tissue regeneration using titanium fiber mesh 
combined with rat bone marrow cells for the treatment of 
bone defects.
INTRODUCTION
Traditionally, the treatment o f skeletal defects includes the use o f autologous or allogenous bone 
grafts. Currently, due to the advances in biological as well biomaterial sciences, novel approaches 
become available to stimulate bone repair. These innovative strategies include the use o f so-called 
scaffold materials in combination with bone growth stimulating factors and/or osteogenic cells. 
Already, numerous bone healing supporting proteins are available. The most frequently used 
involve transforming growth factor-ß (TGF-ß) and bone morphogenetic proteins (BM P’s). Overall, 
the animal studies performed till now, suggest that this kind o f factors can be effective in 
regenerating bone. On the other hand, concern has been raised about the possible adverse systemic 
effects that these factors can have. Also, the bone formation promoting proteins have to be 
delivered to the bone defect using a degradable matrix. The binding characteristics o f the growth 
factors to this matrix, dosing problems and degradation kinematics o f the used matrix material can 
reduce the effectivity o f growth factor-based bone graft substitutes. Since these problems increase 
in more diversified and developed species, it appears appropriate to pursue other osteoregenerative 
methodologies for the treatment o f large bone defects. In view o f this, we know that mesenchymal 
stem cells (MSC), as present in bone marrow, can be used in supporting bone repair [1]. However, 
before M SC’s develop an osteoblastic phenotype, they have to be subcultured and expanded [2,3]. 
Further, similar to growth factors, the cells have to be loaded in an artificial matrix to be applied at 
the bone defect site. Although, M SC’s cultured on alloplastic scaffold material are a clear candidate 
for bone tissue engineering, there is a lack o f understanding about the in vitro technique that has to 
be used to create therapeutic bone graft substitutes (BGS).
Besides the above-mentioned biological aspect in these innovative therapies to treat bone loss, 
material characteristics o f the used matrix material play a very relevant role. For example, a lot o f 
candidate scaffold materials have the disadvantage o f poor mechanical properties. We have to 
emphasize that a competent carrier for cranio-facial reconstruction has to be strong enough to resist 
loading forces during the initial bone healing period. Therefore, we make use in our bone 
engineering studies o f sintered titanium fiber mesh. Titanium fiber mesh has excellent mechanical 
properties, can be molded to the required shape and has been proven to be bone biocompatible [4­
6 ]. O f course, the material is non-degradable, but this is no hindrance for a lot o f skeletal 
reconstructive purposes.
The purpose o f the present study was to get more insight in the potential o f  titanium fiber mesh 
provided with M SC’s to regenerate critical sized cranial bone defects. The cells were inoculated and 
cultured in the mesh material using a protocol o f which the suitability has been proven in earlier
Bone tissue regeneration using titanium fiber mesh combined with rat bone marrow cells for the treatment of
bone defects.
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studies [6-9]. Cell-loaded and non-loaded control implants were inserted in seven millimeter 
trephine defects in rat calvaria. Such defects have been shown to become filled with fibrous tissue 
without bony bridging for study periods up to three months and thus defined as “critical”[10-13].
MATERIALS AND METHODS
Substrate
Sintered titanium fiber mesh (Bekaert N.V., Zwevegem, Belgium) with volumetric porosity o f 86 
%, density o f 600 g/m and fiber diameter o f 45 pm  was used in these studies as scaffold material. 
The average pore size o f the mesh was about 250 pm. The prepared implants were disc shaped with 
diameter o f 7 mm and thickness o f 0.8 mm. Meshes were sonicated for 10 min. with isopropanole 
and then sterilized by autoclavation for 15 min at 121 °C.
Cell culture
Rat bone marrow (RBM) cells were isolated and cultured using the method described by 
Maniatopoulos[14]. RBM cells were obtained from femora o f syngenetic male Fisher 344 rats. 
Femora were washed 4 times in a-M EM  (Minimal Essential Medium; MEM  Gibco BRL, Life 
Technologies B.V. Breda, The Netherlands) with 0.5 mg/ml gentamycin and 3 pg/ml fungizone. 
Epiphyses were cut o ff and diaphyses flushed out with 15 ml a-M EM , supplemented with 10 % 
FCS (fetal calf serum, St.Louis, MO, USA), 50 pg/ml gentamycin, 10 mM Na-ß-glycerophosphate,
o
50 pg/ml ascorbic acid and 10" M dexamethasone (Sigma, Chemical Co., St.Louis, MO, USA). 
Cells were incubated in a humidified atmosphere o f 95 % air, 5 % CO2 at 37 °C. After 7 days o f 
primary culture, cells were detached using trypsin/EDTA (0.25 % w/v trypsin 0.02 % EDTA). The 
cells were concentrated by centrifugation at 1500 rpm for 5 min. and resuspended in a known 
amount o f media (5 ml). Cells were counted by using a Coulter® counter and resuspended in 
complete medium with osteogenic supplements. Then, a 10 ml tube was filled with 10 ml cell 
suspension (3.106 cells/ml) and 24 titanium fiber mesh discs. Thereafter, this tube was rotated on a 
rotating plate (2 rpm) for 3 hrs at 37 °C. Finally, cell-loaded constructs were cultured for 1 day in 
vitro until used for implantation.
Experimental design and surgical procedure
In this study, national guidelines for the care and use o f laboratory animals were respected. For 
implantation, 48 eleven to twelve-week-old syngenetic Fisher 344 male rats (250 g) were used. The 
rats received 1 implant each. The implant scheme was as follows. The animals were divided in two
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groups (24 rats each): 1) the first group received titanium fiber mesh without cells and served as 
control (Ti), 2) the second group received titanium fiber mesh with cultured osteogenic cells 
(TiRBM).
Surgery was performed under general inhalation anaesthesia in combination with isoflurane, nitrous 
oxide and oxygen. The meshes were intraosseous implanted into the calvaria o f the animals. To 
insert the implants, the animals were immobilized and placed in a ventral position. The heads o f the 
animals were shaved, washed and disinfected with povidone-iodine. To insert the implants a 
midline calvarial incision was made. The tissue flap was raised using blunt dissection. 
Subsequently, using a trephine drill, a 7 mm hole was drilled that penetrated through the calvarial 
bone. All bone preparations were performed with a very gentle surgical technique using low 
rotational speed. After placement o f the implants, the skin and periosteal tissues were closed over 
the implants with Vicryl® 5-0 sutures. After 3, 15 and 30 days o f implantation, all rats from each 
group were killed using CO2 suffocation.
Histological preparation and evaluation
Following euthanasia, the implants with their surrounding tissue were retrieved and prepared for 
histological evaluation. The specimens were fixed in 4 % formalin solution (pH = 7.4), dehydrated 
in a graded series o f ethanol and embedded in methylmethacrylate. Following polymerization, 10 
pm  thick sections were prepared per implant using a modified sawing microtome technique[15]. 
The sections were stained with methylene blue and basic fuchsin and investigated with a light 
microscope (Leitz DMRD, Leica, Rijswijk, The Netherlands).
The light microscopical assessment consisted o f a complete morphological description o f the tissue 
response to the different implant materials. Further, image analysis was performed on all sections to 
evaluate the quantity o f newly formed bone. Therefore, three histological sections per implant were 
digitized at low magnification, allowing coverage o f the entire titanium fiber mesh implant. Using a 
Leica® Qwin Pro image analysis system (Leitz DMRD, Leica, Rijswijk, The Netherlands), the 
computer detected the areas o f the titanium mesh implant and bone. The outline o f the implant area 
was then designated as the region o f interest (ROI). Finally, the image analysis program measured 
the surface area o f bone (BSA) and the percentage o f bone area (BSA / ROI) was calculated[16].
Statistical analysis
Data were evaluated for normal distribution with the method o f Kolmogorov and Smirnov. 
Thereafter, an unpaired t-test with W elch correction was used for further evaluation o f the data
Bone tissue regeneration using titanium fiber mesh combined with rat bone marrow cells for the treatment of
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(P<0.05). An unpaired t-test was used to evaluate differences between the Ti and TiRBM-implants 
since these implants were not combined in the same animal. Statistical analysis was done using 
GraphPad Instat version 3.05 for Windows 95/NT (GraphPad Software, San Diego, California, 
USA).
RESULTS
Macroscopic tissue response
Four rats died immediately during surgery because o f extensive bleeding. The remaining rats were 
divided by n=6  for controls and n=8  for cell-loaded implants. All these rats remained in good health 
and showed no wound complications. A t retrieval, a thin reaction free fibrous capsule surrounded 
all implants. No inflammatory reaction was observed inside or around the implants. Only a thin 
layer o f  blood cells on the periosteal side o f the implants was observed in both the control and cell- 
loaded groups. No bone formation could be observed macroscopically.
B
Figure 1: Light microscopical sections of implants loaded with and without RBM cells that were implanted for 
15 days. A) The Ti-implants showed some calcium phosphate deposition but no bone formation could be 
observed (1.6x magnification). B) The bony tissue in the TiRBM-implants was morphologically characterized 
by the occurrence of osteocytes embedded in a mineralized matrix (1.6x magnification).
Light microscopic evaluation
After 3 days o f  implantation, mineralized-like matrix deposition and blood cells were observed 
inside the mesh porosity o f  both experimental groups. The matrix was red stained (similar to bone 
tissue), but lacked osteocyte-like cells and was not surrounded by osteoid with active osteoblasts. 
Matrix deposition was mainly found at the implant edges that were in direct contact with the skull
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bone. Beside blood cells, in the TiRBM specimens also blood vessels (2 out o f 6 TiRBM  implants) 
were visible.
After 15 days o f implantation, 1 out o f 6 Ti-group implants showed bone formation inside the 
implant porosity. In the other 5 Ti-group implants only fibrous tissue could be observed. In contrast, 
bone-like tissue was uniformly present through all TiRBM meshes (Figure 1). This bony tissue was 
morphologically characterized by the occurrence o f osteocytes embedded in a mineralized matrix 
with at the surface a layer o f osteoid and osteoblasts. Also, blood vessels and bone marrow were 
observed. Further, for the Ti-implants, no connection or union o f skull bone with the Ti-mesh and 
the skull defect walls was observed. In contrast, two implants o f the TiRBM group (n = 8) showed 
union at the cranial defect perimeter. In one o f these implants, union was found only at one border 
while the second implant showed union at both skull bone borders.
After 30 days o f implantation as after 15 days, all implants o f the TiRBM-group showed bone 
formation inside the mesh. For the Ti-group, 4 out o f 6 implants showed bone formation and in 2 
out o f 6 only fibrous tissue could be observed (Figure 2). The TiRBM-group showed bone 
formation through the whole implant, while bone formation in the Ti-group was mainly observed in 
the middle o f the implant. Ingrowth o f blood vessels into the mesh porosity was found in both 
experimental groups, but bone marrow was only observed in the TiRBM-group (7 out o f 8) (Figure 
3). In the TiRBM-implants, 5 out o f 8 specimens showed bone union at the bone defect borders. 
Two implants showed unions at both skull bone-im plant interfaces and three implants showed 
union at only one implant boundary. In contrast, no unions were found in the Ti-group.
Finally, Table 1 summarized the occurrence o f bone formation, bone marrow, and unions.
Histomorphometry
The results o f the histomorphometrical measurements are given in Figure 4. The evaluation 
revealed that no bone tissue was present in both implant groups at 3 days o f implantation. Further, 
the data show that the 15-day TiRBM implants were filled for 22 ± 10 % o f their volume with bone. 
In contrast, the 15-day Ti implants showed only 1.5 ± 3.5 % o f bone. After 30 days o f implantation, 
TiRBM implants showed 40 ± 12.5 % o f bone and Ti implants 17 ± 14.5 %.
Statistical evaluation revealed that significantly more bone was present in 15 day TiRBM-implants 
compared with 15 day Ti-implants (P = 0.0005). Also, at 30 days the amount o f bone formation 
between TiRBM and Ti-implants was significant (P = 0.0128). Finally, evaluation revealed that 
significant differences could be found between the amount o f bone formed in 15 days Ti-implants
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and 30 days Ti-implants (P = 0.0304), and between 15 days TiRBM-implants and 30 days TiRBM- 
implants (P = 0.0081).
B
Figure 2: Light microscopical sections of implants loaded with and without RBM cells that were implanted for 
30 days. .A) Some of the Ti-implants showed bone formation, morphologically characterized by the 
occurrence of osteocytes embedded in a mineralized matrix (1.6x magnification). B) The presence of bone­
like tissue was uniformly distributed in all TiRBM-implants. Also, union of skull bone with newly formed bone 
in the implant could be observed at one side of the implant (1.6x magnification).
DISCUSSION
In the present study, the effect o f  using cell-loaded implants in an orthotopic site on bone formation 
was evaluated. The histomorphometrical measurements showed significant differences in bone 
formation between cell-loaded and unloaded mesh implants. This proves that bone marrow cells 
inoculated in inert scaffold materials, like titanium, can enhance initial bone formation.
W e have to notice that in the current study, the meshes were loaded with a high cell suspension 
(3.106 cells/ml) on a rotation plate. Previous research confirmed already that results became more 
consistent when a higher cell density was used. In the same study, we also found that using dynamic 
movement during initial cell seeding improved the distribution o f cells in the specimens[7]. Further, 
the cells were cultured for only one additional day after seeding in the scaffold material. This 
incubation period was chosen on basis o f earlier studies, which revealed that prolonged culturing,
i.e. additional incubation for more than 8 days does not support the final osteogenic expression o f 
titanium fiber mesh[8 ]. Still, the histomorphometrical measurements demonstrated a rather wide 
distribution in bone formation percentage in the cell-loaded scaffolds. Evidently, for achieving more 
standardized bone formation, the cell-based approach must be optimized. A  way to improve the
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cell-based approach is to optimize the nutrient conditions such that the osteogenic capacity o f the 
cultured cells is enhanced. Cell culture in 3-D scaffolds is completely different from conventional 
planar 2-D conditions, where all cells are continuously exposed to the culture medium. In a 
previous in vitro study, we show already that a flow perfusion system can enhance the early 
proliferation, differentiation, and mineralized matrix production o f bone marrow stromal osteoblasts 
seeded in titanium fiber mesh[9]. Also other studies show that dynamic culturing o f cell/scaffold 
constructs (bioreactor, rotating wall vessel and spinner flask) has a positive effect on cell 
proliferation[17-19] and cell differentiation[20,21]. An in vivo study is needed to prove the effect o f 
this osteogenic improvement on the final osteoinductive properties o f the titanium mesh constructs.
Bone tissue regeneration using titanium fiber mesh combined with rat bone marrow cells for the treatment of
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Figure 3: Light microscopical section of a TiRBM-implant after 30 days of implantation (10x magnification). 
In this section bone marrow (BM) and bone (B) could be observed.
Unfortunately, almost no reference can be found to other studies that have used precultured bone 
marrow cells successfully in combination with a scaffold for the regeneration o f skull defects. Only 
Krebsbach et. al. observed enhanced bone repair in vivo. They inserted gelatin sponges as received 
and sponges inoculated with precultured murine bone marrow cells in 5 mm skull defects o f mice. 
Complete healing was only seen with the inoculated sponges. Defect closure occurred after 2 
weeks[22]. Further, Arnaud et. al. used natural coral skeleton in combination with fresh bone 
marrow cells (not precultured in osteogenic media). However, till two months after implantation, 
they did not observe bone formation at all[10]. We know from our previous ectopic studies that
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cell-loaded titanium fiber meshes induce bone formation while in control implants no bone 
formation was observed[6 ,8]. W ith this study, we also show that more bone formation is formed 
with cell-loaded meshes compared to control implants in an orthotopic site.
Figure 4: Histomorphometrical results showing the percentage of bone formed in the implants of the different 
groups in a Box-Whisker plot. The line within the boxes indicates the median. The boxes indicate the 25th to 
75th percentile of the data. The error bars indicate the 5th and 95th percentile. Additionally, the results of 
unpaired t-test are shown (P<0.05). Significant differences between Ti day15 and TiRBM day 15 (*), Ti day 
30 and TiRBM day 30 (#), Ti day 15 and Ti day 30 (°) and TiRBM day 15 and TiRBM day 30 (+).
Histology illustrated that bone marrow formation and union o f skull bone with bone inside the 
titanium fiber meshes only occurred in the cell-loaded implants (TiRBM). Connection and 
integration o f newly formed bone directly with the original compact bone o f the skull will result in 
rapid stabilization o f the implant. As a consequence, it can support further growth o f bone tissue 
through the implants. This is clinically very relevant, because this will secure the mechanical 
integrity o f the scaffold and protect the underlying brain tissue for impact damage.
Further, light microscopical evaluation revealed that bone was formed in the unloaded implants. 
Nevertheless, the amount o f deposited bone was less compared with the cell-loaded implants. 
Besides, never union was seen at the defect perimeter. Probably, bone formation in these implants 
was the result o f migration and induction o f proliferating primitive mesenchymal cells out o f the 
dura and subcutaneous tissues. In view o f this, Schmitz et.al.[11] postulated already a mechanism 
for healing o f critical sized defects. They postulated that the release o f tissue factors from the edge 
o f the wound causes differentiation o f cells into osteoblasts in the defect. These cells create and 
mineralize extracellular matrix and form bony islands. These islands provide a scaffold for new 
bone growth[23]. Apparently, this took place in the non-loaded implants. Therefore, we have to
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notice that bone formation inside the cell-loaded implants is a kind o f osteogenic induction by the 
seeded cells as well as induction o f mesenchymal cells out o f the dura and subcutaneous tissue. 
Unfortunately, we are not able to discern between these two forms o f bone formation with the 
currently available techniques.
Bone tissue regeneration using titanium fiber mesh combined with rat bone marrow cells for the treatment of
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Group Bone Union Bone marrow
D ay 15 Ti 1/6 0 /6 0 /6
D ay 15 TiRBM 8 /8 2 /8 1 /8
D ay 30 Ti 3/6 0 /6 0 /6
D ay 30 TiRBM 8 /8 5/8 7/8
Table 1: Summary of bone formation, the presence of bone marrow, and unions for both implant groups after 
30 days of implantation.
In summary, the results o f this study confirmed again that the bone biocompatibility o f titanium 
fiber mesh is excellent as demonstrated by almost complete absence o f inflammatory cells in both 
cell-loaded and non-loaded meshes[5,24-26]. Consequently, we conclude that inoculating titanium 
fiber mesh with osteogenic cells can improve the bone healing capacity o f this material. Additional 
studies for optimization o f the cell technology as well as implant experiments in larger animals have 
to be done to confirm the final feasibility o f this technique in the treatment o f craniofacial bone 
defects.
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In vivo bone formation by rat bone marrow cells 
titanium fiber mesh cultured in a flow perfusion system
on
In vivo bone formation by rat bone marrow cells on titanium fiber mesh cultured in a flow perfusion system.
INTRODUCTION
In a previous study, we found that cultured rat bone marrow cells seeded in titanium fiber mesh 
have the capacity to regenerate critical sized cranial bone defects in rats without the addition o f 
growth factors1. Bone marrow cells have this capacity, in part because o f their ability to secrete 
autocrine and paracrine acting factors that sustain growth and differentiation into osteoblasts. Fresh 
bone marrow contains osteoprogenitor cells, which proliferate and differentiate into osteoblasts . It 
has been shown that culturing osteoprogenitor cells in media supplemented with dexamethasone, 
ascorbic acid, and ß-glycerophosphate initiates a developmental process that directs the cells into an 
osteoblastic differentiation pathway3’4. It thus becomes possible to harvest a small sample o f 
marrow, select and expand the potential osteogenic cell population, differentiate these cells into 
osteoblasts, and have a specific bone forming cell collection available for use in bone tissue 
engineering applications3.
Although, the cell-based approach appears to be a suitable method for bone regeneration, we have 
to emphasize that the obtained results are far from constant. For example, in our above-mentioned 
study, occasionally a lot o f bone formation was observed, while in other situations significantly less 
bone was seen. Consequently, for a reliable clinical application, it is imperative that this method is 
improved. One o f the variables is the optimization o f the nutrient conditions so that the osteogenic 
capacity o f the cultured cells is enhanced.
Further, we have to emphasize that cell culture in 3-D scaffolds is completely different from 
conventional planar 2-D conditions, where all cells are continuously exposed to the culture medium. 
In view o f this, we showed recently that a flow perfusion system can enhance the early 
proliferation, differentiation, and mineralized matrix production o f bone marrow stromal osteoblasts 
seeded in titanium fiber mesh in vitro5. A cell suspension o f rat bone marrow stromal osteoblasts (5 
x 105 cells / 300 pl) was seeded into the mesh material. Thereafter, the constructs were cultured 
under static conditions or in a flow perfusion system for 4, 8 , and 16 days. Results showed an 
increase in DNA from day 4 to 8 for the flow perfusion system. Calcium measurements showed a 
large increase in calcium content o f the meshes subjected to flow perfusion at day 16. SEM and 
light microscopical examination revealed that the 16 day samples subjected to flow perfusion 
culture were completely covered with layers o f cells and mineralized matrix. In addition, this 
matrix extended deep into the scaffolds. In contrast, meshes cultured under static conditions had 
only a thin sheet o f matrix present on the upper surface o f the meshes. Evidently, flow perfusion 
can enhance the early proliferation, differentiation, and mineralized matrix production o f bone 
marrow stromal osteoblasts seeded in titanium fiber mesh.
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In view o f the above-mentioned experiments, the present study was designed to evaluate the in vivo 
osteogenic capacity o f cell-seeded titanium mesh implants subjected to flow perfusion before their 
insertion in critical sized cranial bone defects in rats. In this study, no non-seeded implants were 
included. Such control implants were already evaluated in our earlier study1.
MATERIALS AND METHODS
Substrates
Sintered titanium fiber mesh (Bekaert N.V., Zwevegem, Belgium) with a volumetric porosity o f 86 
%, density o f 600 g/m2 and a fiber diameter o f 40 pm  was used in these studies as the scaffold 
material. The average pore size o f the mesh was about 250 pm. The prepared implants were disc 
shaped with a diameter o f 8 mm, thickness o f 0.8 mm, and a weight o f about 20 mg. In total, 96 
titanium discs were prepared. All discs were sonicated for 10 minutes with isopropanol and then 
sterilized by autoclave for 15 minutes at 121 °C. Thereafter, the meshes were press-fit into cassettes 
used in the flow perfusion system.
Flow Perfusion Culture System
A flow perfusion culture system was used (Figure 1) that was similar to a flow perfusion system 
previously described5. This system consists o f 6 flow chambers. Each flow chamber contains a 
cassette in which the titanium mesh is press-fit. Each cassette is then sealed with two o-rings to 
ensure that the flow path goes only through the scaffold. Silicon tubing then connects each flow 
chamber with a peristaltic pump and medium reservoir (content 250 ml). Each chamber is on its 
own independent pumping circuit, but all pumps draw media from a common reservoir. For these 
experiments, culture media was pumped continuously at a flow rate o f 0.5 ml/min through the 
cell/scaffold constructs and recirculated back to the reservoir.
The entire culture system was sterilized by ethylene oxide and maintained at 37 °C with a 5 % CO2 
environment.
Cell culture
Rat bone marrow (RBM) cells were isolated and cultured using the method described by 
Maniatopoulos et al.6. RBM cells were obtained from the femora o f male Fisher 344 rats (Simonsen 
Laboratories, Gilroy, CA). Femora were washed twice in a-M EM  (Minimal Essential Medium; 
MEM Gibco BRL, Life Technologies B.V.) with 0.5 mg/ml gentamycin and 3 pg/ml fungizone. 
Epiphyses were cut o ff and diaphyses flushed out with 15 ml a-M EM , supplemented with 10 %
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Figure 1 : Schem atic overview of the flow  perfusion system.
FCS (fetal calf serum, Gibco), 50 pg/ml ascorbic acid (Sigma, Chemical, St.Louis, MO), 50 pg/ml 
gentamycin, 100 pg/ml ampicillin, 3 pg/ml fungizone, 10 mM N a ß-glycerophosphate (Sigma) and
_o
10 M dexamethasone (Sigma). Cells were incubated in a humidified atmosphere o f 95 % air, 5 % 
CO2 at 37 °C.
After 6 days o f primary culture, cells were detached using trypsin/EDTA (0.25% w/v trypsin/0.02% 
EDTA, Sigma). The cells were concentrated by centrifugation at 1500 rpm for 5 min and 
resuspended in medium. Subsequently, the cassettes with the titanium meshes were put in a 6-well 
plate and seeded with the cells by using a cell suspension (5.105 cells/300 pl). After 2 hrs o f 
attachment, 10 ml o f complete medium was added to the 6-well plate. Seeded scaffolds were 
incubated for further attachment overnight. The following day seeded scaffolds were placed into 
fresh 6-well plates for static culturing or into the flow perfusion system for 1, 4, and 8 days.
Experimental design and surgical procedure
In this study, national guidelines for the care and use o f laboratory animals were respected. For 
implantation, 96 eleven to twelve-week-old syngeneic Fisher 344 male rats (250 g) were used. The 
rats received one implant each. The implant scheme was as follows. The animals were divided in 
six groups (8 rats each): 1) The first group included titanium fiber mesh with cells cultured for one
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day under static conditions, 2) The second group included titanium fiber mesh with cells cultured 
for one day in the flow perfusion system, 3) The third group included titanium fiber mesh with cells 
cultured for four days under static conditions, 4) The fourth group included titanium fiber mesh 
with cells cultured for four days in the flow perfusion system, 5) The fifth group included titanium 
fiber mesh with cells cultured for eight days under static conditions, 6) The sixth group included 
titanium fiber mesh with cells cultured for eight days in the flow perfusion system. Further, two 
implantation periods were used, i.e. 7 and 30 days.
Surgery was performed under general inhalation anaesthesia in combination with isoflurane, nitrous 
oxide and oxygen. The meshes were intraosseous implanted into the calvaria o f the animals. To 
insert the implants, the animals were immobilized and placed in a ventral position. The heads o f the 
animals were shaved, washed and disinfected with povidone-iodine. To insert the implants a 
midline calvarial incision was made. The skin and periosteal membrane was raised using blunt 
dissection. Subsequently, a 8 mm hole was drilled using a trephine drill that penetrated through the 
calvarial bone. All bone preparations were performed using a very gentle surgical technique with 
low rotational speed and external cooling with saline solution. After placement o f the implants, the 
skin and periosteum was closed with Vicryl® 5-0 sutures. At the end o f the respective implantation 
periods, all rats from each group were killed using an overdose o f CO2 suffocation.
Histological preparation and evaluation
Following euthanasia, the implants with their surrounding tissue were retrieved and prepared for 
histological evaluation. The specimens were fixed in 4 % formalin solution (pH = 7.4), dehydrated 
in a graded series o f ethanol and embedded in methylmethacrylate. Following polymerization, 10 
pm  thick sections were prepared per implant using a modified sawing microtome technique7. The 
sections were stained with methylene blue and basic fuchsin and investigated with a light 
microscope (Leitz DMRD, Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany).
The light microscopical assessment consisted o f a complete morphological description o f the tissue 
response to the different implants. Further, on all sections o f the implants that were left implanted 
for 30 days, image analysis was performed in order to evaluate the quantity o f  newly formed bone. 
Therefore, three histological sections per implant were digitized at low magnification, allowing 
coverage o f the entire titanium fiber mesh implant. Using a Leica® Qwin Pro image analysis 
system (Leitz DMRD, Leica Mikroskopie und Systeme GmbH, Wetzlar, Germany), the computer 
detected the areas o f the titanium mesh implant and bone. The outline o f the implant area was then
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designated as the region o f interest (ROI). Finally, the image analysis program measured the surface
o
area o f bone (BSA) and the percentage o f bone area (BSA / ROI) was calculated .
Statistical analysis
Data were evaluated with the One-way Analysis o f Variance (ANOVA). Thereafter, a Student- 
Newman-Keuls M ultiple Comparisons Test was used for further evaluation o f the data (P<0.05). 
Calculations were performed in GraphPad Instat version 3.05 for Windows 95/NT (GraphPad 
Software, San Diego, California, USA).
RESULTS
Macroscopic tissue response
During the experiment, all rats remained in good health and did not show any wound complications. 
A t retrieval, a thin reaction free fibrous capsule surrounded all implants. No inflammatory reaction 
was observed inside or around the implants. Further, after both implantation periods, a thin layer o f 
blood cells was observed on the periosteal side o f the implants in all six implant groups. No 
macroscopical sign o f bone formation was seen.
Light microscopic evaluation
After 7 days o f implantation, mineralized matrix deposition and blood cells were observed in the 
mesh porosity o f all implant groups. M ineralized matrix deposition was mainly found at the implant 
edges or at the periosteal side. This matrix lacked osteocyte-like cells and was not surrounded by 
osteoid with active osteoblasts. Besides, the fiber mesh porosity was filled with fibrous tissue and 
small capillaries were seen. Overall, no gross differences could be seen between all six implant 
groups.
After 30 days o f implantation, all implants showed bone formation that was characterized by the 
occurrence o f osteocytes embedded in a mineralized matrix (Figure 2A-F). The observed 
mineralized matrix was covered with osteoid and osteoblasts. Only, one implant o f day 4 flow and 
one implant o f day 8 static showed no bone formation at all. Further, bone marrow was present 
inside the mesh porosity. However, as seen in Table 1, the occurrence o f bone marrow in the 
implants differed between the six groups. The majority o f the day 1 static, day 1 flow and day 4 
static specimens contained a considerable amount o f bone marrow. This in contrast with the day 4 
flow, day 8 static and day 8 flow implants. A similar observation was done for the bone connection 
at the cranial defect perimeter (Table 1). For the majority o f the day 1 static, day 1 flow and day 8
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flow implants at both skull bone borders, connection or union o f skull bone with bone inside the 
implants was observed. For the day 4 static, day 4 flow, bone union was only found in two implants 
and for the day 8 static implants, connection did never occur.
Figure 2: Light m icroscopical sections of implants loaded with RBM cells that were cultured under static 
conditions or in the flow  perfusion system. The implants w ere also precultured in three different times, 1, 4 
and 8 days. The implants were implanted fo r 30 days. Inoculated titanium mesh precultured fo r 1 day (A), 4 
days (C) and 8 days (E) under static conditions. The deposited bone-like tissue was uniform ly distributed in 
all implants (n=8) ( l.6 x  magnification). Inoculated titanium mesh precultured for 1 day (B), 4 days (D) and 8 
days (F) in the flow  perfusion system. Bone-like tissue was observed in all implants (n=8) (1.6x 
magnification).
135
In vivo bone formation by rat bone marrow cells on titanium fiber mesh cultured in a flow perfusion system.
Histomorphometry
The results o f the histomorphometrical measurements o f the 30 day implants are given in Figure 3. 
The Box-W hisker plot shows that the amount o f bone formation varied widely, especially in the day 
4 static, day 8 static and day 8 flow specimens. Further, the data suggest that more bone formation 
occurred in the day 1 flow implants than in the other specimens. Nevertheless, statistical 
comparison revealed that only a significant difference (P<0.05) existed between day 1 flow and day 
4 flow implants. No other significant differences were observed between the different preculture 
times or between the different culture conditions.
Group Bone Bone Marrow Union
Day 1 sta tic 8/8 7/8 7/8
D ay 1 flow 8/8 6 /8 7/8
Day 4 sta tic 8/8 5/8 2 /8
D ay 4 flow 7/8 1/8 2 /8
Day 8  s ta tic 7/8 3/8 0 /8
D ay 8  flow 8/8 1/8 5/8
Table 1: Sum m ary of bone form ation, the presence of bone m arrow and unions for all implant groups after 
30 days of implantation.
D ISCU SSION
Seven to eight millimeter trephine defects in rat calvaria have been shown to be critical size 
defects9,10. A critical size defect is defined as the smallest size o f a defect that does not heal 
spontaneously when left untreated for a certain period o f time. For rat calvarial defects this period is
put on three months. W hen such defects are left empty, they become filled with fibrous tissue and
11 12no bony bridging occurs ’ .
Unfortunately, the present study was not able to confirm a significant beneficial effect o f flow 
perfusion on bone regeneration in critical sized cranial defects. Nevertheless, some interesting 
findings were done, which still indicate that culture conditions and mechanical forces during the 
initial stages o f construct engineering are relevant for the quality o f the bone construct.
First o f all, we have to notice that the bone tissue inside the mesh porosity was probably formed 
according two different pathways. We suppose that the implants that were precultured for 1 day 
showed bone formation that was mainly directed by the osteogenic cells as seeded throughout the 
mesh porosity. However, the 4 and 8 days precultured implants developed probably a biomimetic- 
like calcium phosphate (CaP) deposit on the titanium fibers that initiated bone formation in these 
implants. We know that CaP-like surfaces can support bone formation either by conduction or 
induction. CaP surfaces possess this characteristic either due to preferential adhesion o f osteogenic
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cells (i.e. cell selection) or bone growth stimulating cytokines. Nevertheless, this surface inducing 
effect is completely different compared with bone formation as the result o f direct inoculation o f 
osteogenic cells. This is confirmed by our observation that more bone was present in the 1 day 
precultured specimens. The above-mentioned hypothesis is also supported by a previous study were 
we observed that bone formation was induced more effectively by a short preculture time o f
13osteogenic cells after seeding in titanium fiber mesh . In this study, cell-loaded implants were 
precultured under static conditions for 1, 4 and 8 days before implantation subcutaneously in rats. 
Biochemical analyses o f the samples before implantation revealed the deposition o f mineralized 
matrix in the meshes that were cultured for 4 and 8 days. Also, an increase in mineralized matrix 
deposition was observed from 4 to 8 days. Further, we found that after ectopic implantation 
significantly more bone was formed in the implants that were precultured for 1 day compared to 4 
and 8 days precultured implants.
Figure 3: Histomorphometrical results showing the percentage o f bone formed in the implants o f the different 
groups in a Box-W hisker plot. The line within the boxes indicates the median. The boxes indicate the 25th to 
75th percentile o f the data. The error bars indicate the 5th and 95th percentile. Additionally, the results of 
S tudent-Newm an-Keuls Multiple Com parisons Test are shown (P<0.05). S ignificant differences between day 
1 flow  and day 4 flow were calculated (*).
A nother interesting observation is that the current results show a striking similarity with our 
previous cranial defect study1. Here, cell-loaded and unloaded implants were implanted in a 
comparable rat cranial defect for 3, 15 and 30 days. The cell-loaded implants were precultured for 1
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day under static conditions. After 30 days o f implantation, only 17 ± 14.5% o f bone was observed 
in the unloaded implants. In contrast, 40 ± 12.5% o f bone was measured for the cell-loaded 
implants. This is almost the same as for the 1 day precultured static implants in the present 
experiment. Besides, we have to notice that our 1 day precultured flow implants revealed a bone 
percentage o f 64 ± 17%. Due to the large standard deviation, combination o f these data provides 
only weak evidence that flow perfusion in the present form has the potential to increase bone 
formation in an orthotopic site.
Considering the lack o f significance, we have to remark that the applied fluid flow was based on in 
vitro experiences. In the earlier studies, the flow perfusion system was compared with culturing 
under static conditions. Flow perfusion was found to stimulate the proliferation and differentiation 
o f osteogenic cells inside titanium fiber mesh as well as the penetration o f cells into the titanium 
mesh porosity. Although exposure o f cells to high levels o f shear stresses has been reported to cause 
cell detachment or damage5, scanning electron microscopy showed that our cells were not damaged 
due to the shear stress applied by the fluid flow14-19. Probably, this is due to the fact that the used 
flow rate is 0.5 ml/min. As a consequence, the experienced shear force does not exceed 1 dyne/cm .
This is lower o f what previous studies have indicated as required to induce stimulatory effects15’16’18"
20. Therefore, we cannot exclude that our flow conditions were perhaps below optimal in order to 
achieve significant differences in vivo between static and flow cultured fiber mesh constructs. This 
appear to be confirmed by additional in vitro studies with the flow perfusion system in which we
used flow rates o f 0.3 ml/min, 1 ml/min and 3 ml/min and where we observed that increase o f fluid
21flow results in enhanced in matrix mineralization in a dose-dependent manner . Evidently, further 
studies are needed to obtain more information about the working conditions o f the flow perfusion 
system and its effect in vivo.
Finally, bone marrow and union o f skull bone with bone inside the titanium fiber meshes was most 
constant observed in the 1 day precultured meshes. Connection and integration o f newly formed 
bone directly with the original compact bone o f the skull will result in rapid stabilization o f the 
implant. This can also support further growth o f bone tissue through the implants. Besides, it will 
secure the mechanical integrity o f the scaffold and protect the possible underlying tissue for impact 
damage.
On basis o f our results, we conclude that bone formation in an orthotopic site was induced more 
effective by a short preculture time o f osteogenic cells after seeding in titanium fiber mesh. Further, 
we conclude that these data provide only w eak evidence that flow perfusion in the present form has
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further verification in modified experimental setting.
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Summary, address to the aims, closing remarks and future perspectives.
9.1 Summary and address to the aims
For tissue engineering of bone, a successful and productive interaction between osteoconductive 
matrix, osteoprogenitor or osteoblastic cells, and osteoinductive growth factors is required. Various 
materials can be used for the manufacturing of the osteoconductive matrix or scaffold. A candidate 
scaffold material is titanium fiber mesh. Titanium fiber mesh has proved to be a suitable scaffold 
for bone engineering. It has excellent mechanical properties like stiffness and flexibility. Further, 
studies have demonstrated that osteogenic cells attached and grew well in the titanium fiber mesh. 
Additional histological evaluation confirmed that titanium fiber mesh in combination with BMP 
and/or rat bone marrow cells could induce and generate ectopic bone formation in rats. 
Nevertheless, various aspects of cell isolation, cell seeding, media composition, and culture 
conditions can additionally affect the final osteogenic capacity of the scaffold. Therefore, in this 
thesis, all of the investigations revolve around the use of titanium fiber mesh as scaffold material 
inoculated with osteogenic cells. In chapter 1, a general introduction is presented to the current 
knowledge on bone formation and the use of tissue engineering strategies. In the following chapters, 
the aims as described in the scope of the thesis are addressed in a step-wise manner. Each chapter is 
the result of a separate investigation.
1. What is the most effective cell seeding technique for osteoblast-like cells into titanium 
fiber mesh?
In chapter 2 the objective was to learn more about the effect of seeding and loading technique on 
the osteogenic differentiation in vitro of rat bone marrow cells into titanium fiber mesh. This 
material was used as received or subjected to a glow discharge treatment (RFGD). The seeding 
methods that were used included a so-called droplet, cell suspension (high and low cell density), 
and rotating plate method. Osteogenic cells were cultured for 4, 8 and 16 days into titanium fiber 
mesh. DNA, osteocalcin, SEM analysis and calcium measurements were used to determine cellular 
proliferation and differentiation. DNA analysis of the differently seeded specimens showed that 
proliferation proceeded faster in the first vs. second run for droplet and cell suspension samples. No 
clear and distinct additional effect was found when RFGD treatment was used. Statistical analyses 
revealed that high cell density and low rotational speed resulted always in a significantly higher 
DNA content. Calcium measurements and osteocalcin analysis showed that using high cell densities 
during inoculation of the scaffolds prevented the occurrence of differences between experimental 
runs. SEM examination showed that for droplet and cell suspension samples cells were only present
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at one side o f the mesh. The mesh side where the cell sheet was observed depended on the 
additional use o f glow discharge treatment. On these materials, the cells had penetrated through the 
meshes and formed a cell sheet at the bottom side. W hen rotation was used, no cell sheet was 
formed and cells had invaded the meshes and were growing around the titanium fibers. On basis o f 
our results, we conclude that titanium fiber mesh is indeed suitable to support the osteogenic 
expression o f bone marrow cells, and changing the initial cell density as well as the use o f dynamic 
seeding methods can influence the osteogenic capacity o f the scaffold.
2. W h at is the effect o f using a fibronectin  o r collagen I  coating on the osteogenic 
expression o f r a t  bone m arro w  cells?
In ch ap te r 3, three main treatment groups were investigated: uncoated titanium fiber meshes, 
meshes coated with fibronectin, meshes coated with collagen I, and meshes coated first with 
collagen I and then subsequently with fibronectin. Rat bone marrow cells were cultured for 1, 4, 8, 
and 16 days in plain and coated titanium fiber meshes. Additionally, a portion o f each o f these 
coating treatment groups were cultured in the presence o f antibodies against fibronectin and 
collagen I integrins. To evaluate cellular proliferation and differentiation, constructs were examined 
for DNA, osteocalcin, calcium content, and alkaline phosphatase activity. There were no significant 
effects o f the coatings on cellular proliferation as indicated by the DNA quantification analysis. 
W hen antibodies against fibronectin and collagen I integrins were used, a significant reduction in 
cell proliferation was observed for the uncoated titanium meshes, meshes coated with collagen, and 
meshes coated with collagen and fibronectin. The different coatings also did not affect the alkaline 
phosphatase activity o f the cells seeded on the coated and uncoated meshes. However, the presence 
o f antibodies against fibronectin or collagen I integrins resulted in a significantly delayed 
expression o f alkaline phosphatase activity for uncoated titanium meshes, meshes coated with 
collagen, and meshes coated with collagen and fibronectin. Calcium measurements did not reveal a 
significant effect o f fibronectin or collagen I coating on calcium deposition in the meshes. Also, no 
difference in calcium content was observed in the uncoated titanium meshes and meshes coated 
with fibronectin when antibodies against fibronectin or collagen I integrins were present. Meshes 
coated with both collagen I and fibronectin showed significantly higher calcium content when 
cultured in the presence o f antibodies to collagen and fibronectin integrins. A similar phenomenon 
was also observed for collagen-coated meshes cultured in the presence o f antibodies to fibronectin 
integrins. No significant differences in osteocalcin content were observed between the treatment
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groups. However, all groups exposed to antibodies against fibronectin integrins showed a 
significant decrease in osteocalcin content at day 16. On the basis o f our results, we cannot 
conclude that a fibronectin or collagen I coating significantly stimulates the differentiation o f rat 
bone marrow cells seeded in titanium fiber mesh. On the other hand, interactions between 
fibronectin and collagen I integrins and the substratum were observed to be important during the 
proliferation and early osteoblastic differentiation o f rat marrow stromal osteoblasts on titanium 
surfaces.
3. W h at is the effect o f using a dynam ic cell cu ltu re  system  on the expression of 
osteogenic m ark e rs  by r a t  bone m arro w  cells?
In ch ap te r 4, a cell suspension o f rat bone marrow stromal osteoblasts (5 x 105 cells/ 300 pl) was 
seeded into the mesh material. Thereafter, the constructs were cultured under static conditions or in 
a flow perfusion system for 4, 8 , and 16 days. To evaluate cellular proliferation and differentiation, 
constructs were examined for DNA, calcium content, and alkaline phosphatase activity. Samples 
were also examined with SEM and plastic-embedded histological sections. Results showed an 
increase in DNA from day 4 to day 8 for the flow perfusion system. A t day 8 , a significant 
enhancement in DNA content was observed for flow perfusion culture compared with static culture 
conditions, but similar cell numbers were found for each culture system at 16 days. Calcium 
measurements showed a large increase in calcium content o f the meshes subjected to flow perfusion 
at day 16. SEM examination revealed that the 16 day samples subjected to flow perfusion culture 
were completely covered with layers o f cells and mineralized matrix. In addition, this matrix 
extended deep into the scaffolds. In contrast, meshes cultured under static conditions had only a thin 
sheet o f matrix present on the upper surface o f the meshes. Evaluation o f the light microscopy 
sections confirmed the SEM observations. On the basis o f our results, we conclude that a flow 
perfusion system can enhance the early proliferation, differentiation, and mineralized matrix 
production o f bone marrow stromal osteoblasts seeded in titanium fiber mesh.
4. W h at is the effect o f the  cell seeding m ethod in com bination w ith prolonged cu ltu ring  
on bone form ation  in titan ium  fiber m eshes in an  ectopic site?
In ch ap te r 5, rat bone marrow cells (RBM) cells were loaded onto the Ca-P-coated and non-coated 
Ti scaffolds using either a droplet or a suspension loading method. After loading, the RBM cells
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were cultured for 8 days in vitro. Thereafter, implants were subcutaneously placed in 39 syngeneic 
rats. The rats were sacrificed and the implants retrieved at 2, 4, and 8 weeks post-operatively. 
Further, in the 8-week-group fluorochrome bone markers were injected at 2, 4, and 6 weeks. 
Histological analysis demonstrated that only the Ca-P-coated meshes supported bone formation. 
The amount o f newly formed bone varied between single and multiple spheres to filling a 
significant part o f the mesh porosity. In the newly formed bone, osteocytes embedded in a 
mineralized matrix could clearly be observed. On the other hand, in the non-coated titanium 
implants abundant mineralization was present without a bone-like tissue organization. Calcium 
content analysis revealed that the cell-loading method did not influence the final amount o f bone 
formation. In Ca-P-coated implants the accumulation sequence o f the fluorochrome markers 
showed bonding osteogenesis. Our results show that the combination o f Ti-mesh with RBM cells 
can indeed generate ectopic bone formation after prolonged in vitro culturing. The effect o f 
prolonged culturing in vitro was different for the Ti-Ca-P and Ti implants: only Ca-P-coated 
implants supported bone formation. No effect o f the loading method was observed on the final 
amount o f bone. Finally, our results confirm that a thin Ca-P coating can have an additional effect 
on the bone-generating properties o f a scaffold material.
5. W h at is the effect o f various cell cu ltu re  tim es o f cell-loaded titan ium  fiber m esh on 
ectopic bone form ation?
In ch ap te r 6 , as seeding technique, a high cell suspension was used (3x106 cells/ml). Therefore, 
repeatedly 30 meshes were rotated in a 10 ml tube (containing 30x106 cells) on a rotation plate 
(2rpm) during 3 hrs. Osteogenic cells were cultured for 1, 4, and 8 days on titanium fiber mesh and 
finally implanted subcutaneously in rats. Also, meshes without cells were implanted subcutaneously 
in rats. DNA analysis, SEM analysis, and calcium measurements were used to determine cellular 
proliferation and differentiation during the in vitro incubation period o f the mesh implants. Four 
weeks after insertion, the animals were killed. The implants with their surrounding tissue were 
retrieved and prepared for histological evaluation and calcium measurements. DNA analysis o f the 
in vitro experiment showed a lag phase from day 1 through 4 but a 42% increase in DNA between 
day 4 and 8 . SEM and calcium measurements showed an increase in calcium from day 1 to 4 but 
only a small but significant increase from day 4 to 8 . Histological analysis demonstrated that bone 
was formed in all day 1 and day 4 implants and that the bone-like tissue was present uniformly 
through the meshes. The bony tissue was morphologically characterized by the occurrence o f
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osteocytes embedded in a mineralized matrix with at the surface a layer o f osteoid and osteoblasts. 
The day 8 implants showed only calcium phosphate deposition in the titanium fiber mesh. Calcium 
measurements o f the implants revealed that calcification in day 1 implants were significantly higher 
compared to day 4 and day 8 implants. No significant difference in calcium content existed between 
day 4 and day 8 implants. On basis o f our results, we conclude that bone formation was generated 
more effective by a short culture time o f osteogenic cells after seeding in titanium fiber mesh, 
dynamic cell seeding is probably more effective than static cell seeding, and selecting the right cells 
from the heterogenous bone marrow population remains a problem.
6. What is the efficacy of cell-loaded titanium fiber mesh on bone formation in an 
orthotopic location?
In chap ter 7, a total o f 24 meshes were placed in a tube containing 30x106 cells on a rotation plate 
during 3 hrs. Thereafter, meshes with cells were subcultured for 1 day under standard conditions. 
Cell-loaded implants and controls were placed in a 7 mm cranial defect and retrieved after 3, 15 and 
30 days o f implantation for histological and histomorphometrical examination. After 3 days o f 
implantation, mineralized-like matrix deposition and blood cells were observed inside the mesh 
porosity o f both groups. Besides blood cells, in the cell-loaded specimens also blood vessels (2 out 
o f 6) were visible. After 15 days o f implantation, only 1 out o f 6 control-implants showed bone 
formation inside the implant porosity but was uniformly present through all cell-loaded meshes. 
Also, blood vessels and bone marrow were observed. Only, 2 cell-loaded implants showed union at 
the cranial defect perimeter. After 30 days o f implantation, all cell-loaded implants showed bone 
formation inside the mesh but for the control-group, only 4 out o f 6 implants. Bone marrow and 
bone union at the bone defect borders (5 out o f 8) was only found in the cell-loaded implants. The 
histomorphometrical evaluation revealed that no bone tissue was present in both implant groups at 3 
days o f implantation and that at 15 and 30 days significantly more bone was present in cell-loaded 
implants compared with control-implants. On basis o f our results, we conclude that inoculating 
titanium fiber mesh with bone marrow cells can improve the bone healing capacity o f this material. 
Additional studies for optimisation o f the cell technology as well as implant experiments in other 
animals have to be done to confirm the final feasibility o f this technique in the treatment o f 
craniofacial bone defects.
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7. W h at is the  efficacy o f cell-loaded titan ium  fiber m esh p recu ltu red  in a dynam ic cell 
cu ltu re  system on bone form ation  in an  o rthotopic  location?
In ch ap te r 8 , cassettes with the titanium meshes were put in a 6-well plate and seeded with cells by 
using a cell suspension (5.105 cells/300 ^l). After 2 hrs o f attachment, seeded scaffolds were 
incubated in 10 ml o f medium for further attachment overnight. The following day, seeded scaffolds 
were placed into fresh 6-well plates for static conditions or into the flow perfusion system for 1, 4, 
and 8 days. After culturing, cell-loaded implants were placed in a 8 mm cranial defect and retrieved 
after 7 and 30 days o f implantation for histological and histomorphometrical examination. After 7 
days o f implantation, no bone formation was observed in all groups. Further, the fiber mesh 
porosity was filled with fibrous tissue with capillaries. After 30 days o f implantation, almost all 
implants showed bone formation except for one implant o f day 4 flow and one implant o f day 8 
static. Also, blood vessels and bone marrow were observed. The results o f the histomorphometrical 
measurement show that preculturing cells for 1 day in the flow perfusion system resulted in a 
significant higher percentage o f bone/implant compared with 4 days (P<0.05). For the other groups, 
no significant differences could be observed. Also, no significant differences could be observed 
between implants cultured under different conditions, i.e. static and flow perfusion. But it seems 
that preculturing cells for 1 day under flow perfusion had an enhanced effect on bone formation 
compared to static conditions. On basis o f our results, we conclude that bone formation in an 
orthotopic site was induced more effective by a short preculture time o f osteogenic cells after 
seeding in titanium fiber mesh. Further, we conclude that these data provides only weak evidence 
that flow perfusion in the present form has the potential to increase bone formation in an orthotopic 
site. Consequently, these results require further verification in modified experimental setting.
9.2 Closing rem ark s, and  fu tu re  perspectives
Various aspects o f cell loading and culture conditions that can affect the osteogenic capacity o f the 
scaffold have been studied in this thesis.
The results o f the studies revealed that changing the initial cell density as well as the use o f dynamic 
seeding methods can influence the osteogenic capacity o f the scaffold. High initial cell density 
resulted in an enhanced proliferation o f cells and prevented the occurrence o f differences between 
experimental runs. Further, when rotation was used, no cell sheet was formed but cells had invaded 
the meshes and were growing around the titanium fibers. Unfortunately, no effect on bone 
formation was observed when two different seeding techniques were used in vivo.
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Further investigations showed that a fibronectin or collagen I coating does not stimulate 
significantly the differentiation o f rat bone marrow cells inoculated in titanium fiber mesh. On the 
other hand, fibronectin and collagen I integrins were observed to be important for the mediation o f 
information o f fibronectin and collagen I proteins to the nucleus and cytoskeleton. In line with 
above mentioned we demonstrated that the proliferation o f osteogenic cells was not stimulated by 
titanium fiber mesh provided with a fibronectin coating and collagen I coating. Still, in previous 
studies was reported that cell adhesion was improved when a fibronectin or collagen I coating was 
used. However, we have to notice that this effect was only observed during the first three hours o f 
cell attachment. After one day o f incubation also no significant effect on cell proliferation could be 
observed. Further, we observed that the fibronectin coating had only a small effect on the amount o f 
calcium that was deposited into the titanium and no effect at all on osteocalcin content. 
Unfortunately, we could not prove that this effect was present in both experimental runs. Blocking 
o f the fibronectin integrins a 4ß 1 and a 5ßi decreased significantly cell growth and osteoblastic 
markers. In addition, we observed no effect o f the collagen I coating on osteoblastic differentiation. 
We have to notice that although previous studies showed an increase in osteoblastic markers when a 
collagen I coating was used, this could not be verified by others. We only observed that apparently 
interaction o f collagen I with a 1ß 1 and a 2ß 1 integrins is important for cell proliferation and 
osteoblast differentiation. By blocking the collagen I integrins cell proliferation and alkaline 
phosphatase activity was decreased or suppressed. Therefore, further studies involving functions o f 
integrins and other superfamilies o f cell adhesion molecules may help identify the precise 
mechanisms for the regulation o f osteoblast differentiation.
Besides the effect o f cell loading, cell density and coatings on cell proliferation and osteogenic 
capacity o f the scaffold, we also found that a flow perfusion system can enhance the early 
proliferation, differentiation, and mineralized matrix production o f bone marrow stromal osteoblasts 
seeded in titanium fiber mesh. We observed a significant increase in early cell proliferation for 
meshes that were subjected to flow perfusion. This corroborates with the results from other research 
groups, who also showed that the use o f a dynamic cell culture approach leads to enhanced cell 
proliferation. This may be due to the improved supply o f nutrients and mass transport o f O2 inside 
the titanium mesh porosity. Additionally, the continuous flow could enhance the removal o f cell 
metabolic products as excreted inside the scaffold material. Further, microscopic evaluation 
confirmed that the use o f flow perfusion stimulated the penetration o f cells into the titanium mesh 
porosity. In the flow perfusion specimens, osteoblast-like cells were observed at the top as well as 
bottom side o f the fiber mesh. In addition, these fiber meshes were almost completely filled with
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mineralized matrix after 16 days o f incubation. However, it is not clear if  the enhanced 
proliferation, differentiation and distribution o f the marrow stromal osteoblasts in the titanium 
scaffolds is exclusively due to the improved nutrient supply to the cells located throughout the 
titanium mesh porosity or if  the seeded cells are further stimulated from their exposure to fluid 
shear forces. Further studies are needed to measure the actual shear forces applied on the cells and 
to elucidate the relative contributions o f the stimulation by shear forces and the better nutrient 
delivery in flow perfusion culture. Further, evaluation o f the flow perfusion system in vivo provides 
only weak evidence that flow perfusion in the present form has the potential to increase bone 
formation in an orthotopic site. We cannot exclude that our flow conditions were perhaps below 
optimal in order to achieve significant differences in vivo between static and flow cultured fiber 
mesh constructs. This appears to be confirmed by additional in vitro studies with the flow perfusion 
system in which we used flow rates o f 0.3 ml/min, 1 ml/min and 3 ml/min and where we observed 
that increase o f fluid flow results in enhanced in matrix mineralization in a dose-dependent manner. 
Consequently, these results require further verification in a modified experimental setting. 
Additional studies were performed in this thesis to evaluate the effect o f prolonged culturing before 
implantation. In these studies, we observed that bone formation was generated more effective by a 
short culture time o f osteogenic cells after seeding in titanium fiber mesh. In the uncoated meshes 
that were cultured for 1 day after cell seeding, we observed bone formation, as characterized by the 
presence o f osteocytes. On the other hand, in the 8 days uncoated implants only mineralized matrix 
was found. Comparison o f the in vitro and in vivo calcium measurements revealed that only in the 1 
day uncoated meshes the amount o f calcium increased during implantation. We have to notice that 
the bone tissue inside the mesh porosity was probably formed according two different pathways. 
We suppose that the uncoated implants that were precultured for 1 day showed bone formation that 
was mainly directed by the osteogenic cells as seeded throughout the mesh porosity. However, the 4 
and 8 days precultured uncoated implants developed probably a biomimetic-like calcium phosphate 
(CaP) deposit on the titanium fibers that initiated bone formation in these implants. We know that 
CaP-like surfaces can support bone formation either by conduction or induction. CaP surfaces 
possess this characteristic either due to preferential adhesion o f osteogenic cells (i.e. cell selection) 
or bone growth stimulating cytokines. Nevertheless, this surface inducing effect is completely 
different compared with bone formation as the result o f direct inoculation o f osteogenic cells. This 
is confirmed by our observation that more bone was present in the 1 day precultured uncoated 
specimens. Further, we observed that only calcium phosphate coated implants precultured for 8
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days support bone formation and can have an additional effect on the bone-generating properties o f 
a scaffold material.
Further, we found that inoculation o f titanium fiber mesh with bone marrow cells can improve the 
bone healing capacity o f this material in an orthotopic location. The histomorphometrical 
measurements showed significant differences in bone formation between cell-loaded and unloaded 
mesh implants. Still, they demonstrated a rather wide distribution in bone formation percentage in 
the cell-loaded scaffolds. Evidently, for achieving more standardized bone formation, the cell-based 
approach must be optimized. A way to improve the cell-based approach is to optimize the nutrient 
conditions such that the osteogenic capacity o f the cultured cells is enhanced. However, evaluation 
o f the flow perfusion system in vivo provide only weak evidence that flow perfusion in the present 
form has the potential to increase bone formation in an orthotopic site. Summarizing, it may be said 
that the flow perfusion system must be further optimized to improve the cell-based approach. 
Consequently, future efforts should be directed towards approaches, which provide better methods 
to select the osteoprogenitor cells out o f bone marrow aspirates in order to standardize and improve 
the reliability o f bone tissue engineering. Further, existing culture techniques in combination with 
coatings (fibronectin and calcium phosphate) should be optimized to improve the engineered bone 
construct before implantation in a bone defect. Additionally, more information must be obtained o f 
the osteogenic differentiation process by studing integrins and expression o f genes during this 
process.
The final goal is to design and grow into human patients bone graft substitutes that can be 
transferred and used for bone reconstructive purposes. In this thesis, we have already proven that 
cell-loaded scaffolds can regenerate bone in an ectopic and orthopic site in rats but the effectiveness 
o f cell-based scaffolds remains still to be proven in higher animals and humans.
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9.3 Samenvatting en evaluatie van de doelstellingen
Voor het kweken van bot is een succesvolle en productieve interactie nodig tussen osteoconductieve 
matrix, osteoprogenitor cellen o f osteoblasten en osteoinductieve groeifactoren. Verschillende 
materialen kunnen voor het maken van een osteoconductieve matrix o f drager worden gebruikt. Een 
kandidaat drager is titanium vezelgaas. Titanium vezelgaas heeft bewezen geschikt te zijn voor het 
kweken van bot. Het heeft goede mechanische eigenschappen zoals stijfheid en flexibiliteit. Verder 
hebben verschillende studies aangetoond dat osteoblasten goed groeien en hechten aan titanium 
vezelgaas. Verder bevestigd histologische evaluatie dat titanium vezelgaas in combinatie met BMP 
en/of rat beenmergcellen ectopisch botvorming kan genereren in ratten. Desondanks, verschillende 
aspecten van celisolatie, celzaaiing, samenstelling medium en kweekcondities kunnen een 
belangrijke rol spelen in de uiteindelijke osteogene capaciteit van de drager. Daarom zijn alle 
onderzoeken in dit proefschrift gericht op het gebruikt van titanium vezelgaas als dragermateriaal in 
combinatie met osteogene cellen. In hoofdstuk 1 wordt een algemene introductie met de huidige 
kennis van botvorming en het gebruik van tissue engineering benaderingen gepresenteerd. In de 
daarop volgende hoofdstukken worden de doelstellingen zoals beschreven uitgewerkt in een 
stapsgewijze wijze. Elk hoofdstuk is het resultaat van een apart onderzoek.
1. Wat is de meest effectieve zaaitechniek voor osteoblasten in titanium vezelgaas?
Het doel van hoofdstuk 2 was om meer te leren over het effect van een zaai- en laadtechniek op de 
osteogene differentiatie in vitro van rat beenmergcellen in titanium vezelgaas. Dit materiaal was 
gebruikt zoals verkregen o f was onderworpen aan een glow discharge behandeling (RFGD). The 
zaaimethoden die gebruikt zijn, zijn een zogenaamde druppeltechniek, celsuspensie (hoge en lage 
celdichtheid) en methode waarbij een draaiplateau is gebruikt. Osteogene cellen werden gekweekt 
voor 4, 8 en 16 dagen in titanium vezelgaas. DNA, osteocalcine, SEM analyse en calcium metingen 
werden gebruikt om de celgroei en celdifferentiatie te bepalen. DNA analyse van de verschillend 
gezaaide monsters liet zien dat celgroei sneller verliep in de eerste run vergeleken met de tweede 
run voor de druppel en celsuspensie monsters. Gebruik van RFGD behandeling liet geen duidelijk 
effect zien. Statische evaluatie toonde aan dat het gebruik van een hoge celdichtheid en een lage 
snelheid op het draaiplateau resulteerde in een significant grotere hoeveelheid DNA. Calcium
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metingen en osteocalcine analyse lieten zien dat gebruik van hoge celdichtheid tijdens inzaaien van 
de dragers verschillen tussen de twee runs voorkomt. SEM analyse liet zien dat cellen aanwezig 
waren aan één kant wanneer de druppel en celsuspensie methode werden gebruikt. A an welke kant 
de cellaag gevonden werd, was afhankelijk van het gebruik van een glow discharge behandeling. Na 
glow discharge behandeling penetreren de cellen het gaas en vormen een laag van cellen aan de 
onderkant. W anneer het draaiplateau gebruikt was dan was er geen cellaag gevormd maar hadden 
de cellen het gaas gepenetreerd en groeiden ze rond de vezels. Op basis van de verkregen resultaten 
kan geconcludeerd worden dat titanium vezelgaas geschikt is om de expressie van rat 
beenmergcellen te ondersteunen en dat veranderen van de celdichtheid als ook het gebruik van 
dynamische zaaitechnieken de osteogene capaciteit van een dragermateriaal kan beinvloeden.
2. W at is het effect van  een fibronectine o f collagen I  coating op de osteogene expressie van 
r a t  beenm ergcellen?
In hoofdstuk  3 werden drie groepen onderzocht: ongecoat titanium vezelgaas, vezelgaas gecoat met 
fibronectine, vezelgaas gecoat met collagen I en vezelgaas eerst gecoat met collagen I daarna met 
fibronectine. Rat beenmergcellen werden gekweekt voor 4, 8 and 16 dagen in zowel gecoate als in 
ongecoate titanium vezelgaas. Verder werd een deel van elke groep gekweekt in aanwezigheid van 
antilichamen tegen fibronectine en collageen I integrines. Celgroei en differentia van de 
verschillende groepen werden geëvalueerd door analyses van DNA, osteocalcine, hoeveelheid 
calcium en alkalische fosfatase activiteit. Geen enkel significant effect van de coatings op de 
celgroei werd waargenomen met de DNA quantificatie methode. W anneer antilichamen tegen 
fibronectine en collageen I integrines was gebruikt dan werd er een significante reductie in celgroei 
waargenomen voor the ongecoate gaasjes, gaasjes gecoat met collageen en de gaasjes gecoat met 
collageen en fibronectine. De alkalische fosfatase activiteit van de cellen in ongecoate en gecoate 
gaasjes liet geen effect van de coatings zien. M aar de aanwezigheid van antilichamen tegen 
fibronectine en collageen I integrines resulteerde in een significante vertraging van expressie van 
alkalische fosfatase activiteit voor de cellen in de ongecoate, gecoat met collageen I en gecoat met 
collageen I en fibronectine gaasjes. Calciummetingen lieten geen significant effect zien van een 
fibronectine o f collageen I coating op calcium depositie in de gaasjes. Ook werden er geen 
verschillen in de hoeveelheid calcium gevonden voor ongecoate gaasjes en gaasjes gecoat met 
fibronectine wanneer er antilichamen tegen fibronectine o f collageen I integrines werden gebruikt. 
M aar gaasjes gecoat met zowel collageen I als fibronectine lieten een significante grotere
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hoeveelheid calcium zien, wanneer er gekweekt werd in aanwezigheid van antilichamen tegen 
collageen I en fibronectine. Eenzelfde fenomeen werd gezien voor collageen gecoate gaasjes 
gekweekt in aanwezigheid van antilichamen tegen fibronectine integrines. Geen significante 
verschillen in osteocalcine concentraties werd er gevonden voor de verschillende groepen. Echter, 
alle groepen die blootgesteld waren aan antilichamen tegen fibronectine integrines lieten een 
significante afname in osteocalcine zien na 16 dagen. Op basis van de verkregen resultaten kunnen 
we niet concluderen dat een fibronectine o f collageen I coating de differentiatie van rat 
beenmergcellen in titanium vezelgaas significant stimuleert. M aar we hebben gezien dat interacties 
tussen fibronectine en collageen I integrines en het substraat belangrijk zijn tijdens de celgroei en 
vroege differentiatie van rat beenmergcellen op titanium oppervlakten.
3. W at is het effect van  een dynam isch celkweek systeem  op de expressie van  osteogene 
m ark e rs  van  r a t  beenm ergcellen?
In hoofdstuk  4 was een celsuspensie van rat beenmergcellen (5 x 105 cellen/ 300 ^l) gezaaid in het 
vezelgaas. Daarna werden deze constructen gekweekt onder statische condities o f in een flow 
perfusie systeem voor 4, 8 en 16 dagen. De celgroei en differentiatie werden geëvalueerd door de 
constructen te analyseren op DNA, calcium en alkalische fosfatase activiteit. Ook werden monsters 
geëvalueerd met SEM en histologie. De resultaten laten een toename zien in DNA van dag 4 tot 8 
zien wanneer het flow perfusie systeem was gebruikt. Op dag 8 , een significante toename in DNA 
werd waargenomen voor de monsters van het flow perfusie systeem vergeleken met de monsters die 
onder statische condities waren gekweekt. Gelijke hoeveelheden DNA voor beide kweekmethoden 
werd echter gevonden op dag 16. Calciummetingen lieten een grote toename in hoeveelheid 
calcium zien wanneer de gaasjes gekweekt waren in het flow perfusie systeem voor 16 dagen. Na 
evaluatie van de SEM monsters bleek dat de monsters die gekweekt waren in het flow perfusie 
systeem voor 16 dagen, volledig bedekt waren met cellagen en gemineraliseerde matrix. Verder 
werd waargenomen dat de matrix diep in het vezelgaas was binnengedrongen. Vezelgaas dat was 
gekweekt onder statische condities had alleen een dunne laag matrix aan één kant namelijk de 
bovenkant. Histologie bevestigde w at met SEM al was waargenomen. Op basis van de verkregen 
resultaten wordt geconcludeerd dat een flow perfusie systeem de vroege celgroei, celdifferentiatie 
en matrix mineralisatie van stromale beenmergcellen gezaaid in titanium vezelgaas kan stimuleren.
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4. W at is het effect van  een celzaaim ethode in com binatie m et voorkw eken op de botvorm ing 
in titan ium  vezelgaas in een ectopische p laats?
In hoofdstuk 5 werden rat beenmergcellen geladen in Ca-P gecoate en ongecoate Ti dragers door 
gebruik te maken van een druppel o f celsuspensie ladingmethode. N a het laden werden de RBM 
cellen gekweekt voor 8 dagen in vitro. Daarna werden de implantaten onderhuids geplaatst in 39 
syngenetische ratten. De ratten werden opgeofferd en de implantaten verkregen na 2, 4 en 8 weken 
postoperatief. Verder werd in de achtweekse groep fluorochrome botmerkers geïnjecteerd na 2, 4 en
6 weken. Histologische analyse demonstreert dat alleen de Ca-P gecoate gaasjes botvorming 
ondersteunen. The hoeveelheid nieuw gevormd bot varieert tussen enkele en multipel gebieden die 
een significant deel van het gaas opvullen. In het nieuw gevormde bot zijn osteocyten te vinden in 
een gemineraliseerde matrix. Anderzijds, in de niet-gecoate gaasjes was mineralisatie aanwezig 
zonder een botachtige structuur. Calcium metingen demonstreert dat de keuze van cellading 
methode de uiteindelijke hoeveelheid bot gevormd niet bepaald. In Ca-P gecoate implantaten laat de 
volgorde van fluorochroom merkers, bonding osteogenese zien. Onze resultaten laten zien dat de 
combinatie van Ti-gaas met RBM cellen ectopische botvorming kan genereren na voorkweken in 
vitro. Het effect van voorkweken in vitro was verschillend voor de Ti-Ca-P en Ti implantaten: 
alleen Ca-P gecoate implantaten ondersteunen botvorming. Geen effect van de ladingmethode werd 
waargenomen op uiteindelijke hoeveelheid gevormd bot. Tenslotte, onze resultaten bevestigen dat 
een dunne Ca-P coating een toegevoegd effect kan leveren aan de botgenererende eigenschappen 
van een dragermateriaal.
5. W at is het effect van  verschillende celkw eektijden van  celgeladen titan ium  vezelgaas op 
ectopische botvorm ing?
In hoofdstuk  6 werd als zaaitechniek een hoge celdichtheid suspensie gebruikt (3 x 106 cellen/ml). 
Dertig gaasjes werden hiervoor geroteerd in een 10 ml buis (bevat 30 x 106 ) op het draaiplateau 
(2rpm) voor drie uur. De osteogene cellen werden daarna gekweekt voor 1, 4 en 8 dagen in titanium 
vezelgaas en daarna geïmplanteerd onderhuids in ratten. Ook gaasjes zonder cellen werden 
geïmplanteerd onderhuids in ratten. DNA, SEM analyse en calcium metingen werden gebruikt om 
de celgroei en differentiatie te bepalen tijdens de in vitro incubatieperiode van de implantaten. Vier 
w eken na implantatie werden de dieren opgeofferd. De implantaten met het weefsel daaromheen 
werden ge-explanteerd en klaargemaakt voor histologische evaluatie en calciummetingen. DNA
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analyse van het in vitro experiment laat een lag-fase zien van dag 1 tot dag 4 maar een 42% 
toename in DNA van dag 4 naar dag 8 . SEM en calciummetingen laten een toename in calcium zien 
van dag 1 tot 4 maar een kleine significante toename van dag 4 tot dag 8 . Histologische analyse 
demonstreerde dat bot was gevormd in alle dag 1 en 4 implantaten en dat het botachtig weefsel 
uniform aanwezig was door het gehele gaas. Het botweefsel was morfologisch gekarakteriseerd 
door de aanwezigheid van osteocyten in de gemineraliseerde matrix met aan het oppervlak een laag 
osteoid en osteoblasten. De 8 dagen implantaten laten alleen calciumfosfaatdepositie zien in 
titanium vezelgaas. Calcium metingen van de implantaten geven een significant grotere hoeveelheid 
calcium voor dag 1 implantaten vergeleken met dag 4 en dag 8 implantaten. Geen significante 
verschillen in hoeveelheid calcium werden er gevonden tussen dag 4 en dag 8 implantaten. Op basis 
van onze resultaten concluderen we dat botvorming was effectiever gegenereerd door osteogene 
cellen gezaaid in titanium vezelgaas een korte tijd voor te kweken, dynamische cellading is 
waarschijnlijk effectiever dan statische cellading en het selecteren van de juiste cellen uit een 
heterogene beenmerg populatie blijft een probleem.
6 . W at is de u itw erking  van  een celgeladen titan ium  vezelgaas op botvorm ing in een 
orthotopische locatie?
In hoofdstuk  7 werden in totaal 24 vezelgaasjes geplaatst in een buis met 30 x 106 cellen dat 
gedurende drie uur werd geroteerd op een draaiplateau. Daarna werden de celgeladen gaasjes 
gekweekt voor 1 dag onder statische condities. Celgeladen implantaten en controle implantaten 
werden geplaatst in een 7mm cranial defect. N a 3, 15 en 30 dagen werden de implantaten ge- 
explanteerd voor histologische en histomorfometrische evaluatie. N a 3 dagen van implantatie werd 
gemineraliseerde matrix en bloedcellen geobserveerd in porositeit van het vezelgaas van beide 
groepen. Naast de bloedcellen waren in de celgeladen constructen ook bloedvaten ( 2 uit 6) 
zichtbaar. N a een implantatie van 15 dagen liet maar één controle implantaat botvorming zien 
terwijl botvorming uniform aanwezig was in de celgeladen implantaten. Ook bloedvaten en 
beenmerg werd geobserveerd. Maar twee celgeladen implantaten lieten verbinding zien met het 
omliggende gebied van het schedeldak defect. N a een implantatie van 30 dagen lieten alle 
celgeladen constructen botvorming zien terwijl maar 4 van de 6 controle implantaten botvorming 
lieten zien. Beenmerg en botverbinding aan de grenzen van het botdefect (5 uit 8) werd alleen 
gevonden in de celgeladen implantaten. Histomorfometrische resultaten lieten zien dat geen 
botweefsel aanwezig was na 3 dagen implantatie in beide groepen en dat na 15 o f 30 dagen van
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implantatie significant meer bot aanwezig was in de celgeladen implantaten vergeleken met de 
controle implantaten. Op basis van de resultaten concluderen we dat het inbrengen van 
beenmergcellen in titanium vezelgaas de bothelende capaciteit van dit materiaal kan verbeteren. 
Verdere studies moeten opgezet worden voor de optimalisatie van de celtechnologie als ook 
experimenten met implantaten in andere dieren om de uiteindelijke vermakkelijking van deze 
techniek in de behandeling van craniofacial botdefecten te bevestigen.
7. W at is de u itw erking  van  een celgeladen titan ium  vezelgaas voorgekw eekt in een 
dynam isch celkweek systeem op de botvorm ing in een orthotopische locatie?
In hoofdstuk  8 werden cassettes met titanium vezelgaas geplaatst in een 6-wells plaat en gezaaid 
met cellen door gebruikt te maken van een celsuspensie (5x105 cellen/300 ^l). N a 2 uur hechten, 
werden de gezaaide constructen geïncubeerd in 10 ml medium voor verder hechting overnacht. De 
volgende dag werden de gezaaide constructen geplaatst in nieuwe 6-wells plaat voor kweken onder 
statische condities o f geplaatst in het flow perfusie systeem voor 1, 4 en 8 dagen. N a het kweken 
werden de celgeladen implantaten geladen in een 8 mm schedeldakdefect voor 7 en 30 dagen 
daarna werden ze ge-explanteerd en gebruikt voor histologische en histomorfometrische 
bepalingen. N a 7 dagen implantatie werd geen botvorming gevonden in beide groepen. Verder was 
het titanium vezelgaas gevuld met fibreus weefsel met capillairen. N a 30 dagen implantatie lieten 
bijna alle implantaten botvorming behalve een implantaat van dag 4 flow en een implantaat van dag 
8 statisch. Verder werden bloedvaten en beenmerg geobserveerd. De resultaten van de 
histomorfometrische meting laat zien dat 1 dag voorkweken in het flow perfusie systeem resulteert 
in een significant hogere percentage bot/implantaat vergeleken met 4 dagen (P < 0.05). Voor de 
andere groepen werden geen significante verschillen gevonden. Ook werden er geen significante 
verschillen gevonden tussen de implantaten die gekweekt waren onder verschillende condities, 
statisch en flow perfusie. M aar het lijkt erop dat 1 dag voorkweken in het flow perfusie systeem een 
stimulerend effect heeft op de botvorming vergeleken met de statische methode. Op basis van onze 
resultaten concluderen we dat botvorming in een orthotopische plek effectiever was geïnduceerd 
door gebruik te maken van een korte voorkweektijd van osteogene cellen na zaaiing in titanium 
vezelgaas. Verder concluderen we dat bovengegeven data maar zwak bewijs levert voor de potentie 
van het flow perfusie systeem in zijn huidige vorm om toename in botvorming te geven in een 
orthotopische plek. Als vervolg op deze resultaten is meer onderzoek nodig in een gemodificeerd 
experimentele setting.
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9.4 A fsluitende opm erkingen en toekom stperspectieven
Verschillende aspecten van cellading en kweekcondities die de osteogene capaciteit van het 
dragermateriaal kunnen beïnvloeden zijn bestudeerd in dit proefschrift.
De resultaten van de studies laten zien dat het veranderen van celdichtheid en het gebruik van 
dynamische zaaimethoden de osteogene capaciteit van een dragermateriaal kan beinvloeden. Hoge 
celdichtheid resulteerde in een toegenomen groei van cellen en voorkwam verschillen tussen de 
verschillende experimentele runs. Verder wanneer een draaiplateau gebruikt wordt, wordt er geen 
celsheet gevormd maar kruipen de cellen in het gaas en groeien rond de vezels. Helaas kon geen 
effect op botvorming gezien worden wanneer twee verschillende zaaimethoden gebruikt waren in 
combinatie met de in vivo studie.
M eer onderzoek laat zien dat een fibronectine o f collageen I coating geen significant stimulerend 
effect had op de differentiatie van rat beenmergcellen die gezaaid waren in titanium vezelgaas. In 
dezelfde studie zagen we verder dat fibronectine en collageen I integrines belangrijk bleken voor de 
bemiddeling van informatie van fibronectine en collageen I eiwitten naar de kern en het cytoskelet. 
In lijn met wat hierboven vermeld werd hebben we laten zien dat de groei van osteogene cellen niet 
gestimuleerd werd door titanium vezelgaas met een fibronectine coating o f collageen I coating. In 
vorige studies was echter gemeld dat celadhesie bevorderd werd door gebruik te maken van een 
fibronectine o f collageen I coating. M aar dit effect was alleen waargenomen tijdens de eerste drie 
uren van celhechting. N a 1 dag incubatie werd geen significant effect op celhechting meer gezien. 
Verder zagen we dat een fibronectine coating maar een klein effect heeft op de hoeveelheid calcium 
dat gevormd was in het vezelgaas en dat het geen effect had op de osteocalcine concentratie. Helaas 
konden we dit effect niet in beide runs aantonen. De celgroei en osteoblast merkers waren 
significant afgenomen wanneer de fibronectine integrines a4ß1 en a5ß1 waren geblokkeerd. We 
zagen echter geen effect van de collageen I coating op osteoblast differentiatie. We moeten hier 
opmerken dat vorige studies een toename in osteoblast differentiatie zagen wanneer een collageen I 
coating was gebruikt maar dit kon niet geverifieerd worden door anderen. We observeerden alleen 
dat interactie van collageen I met a1ß1 en a2ß1 integrines belangrijk is voor celgroei en osteoblast 
differentiatie.
Naast het effect van celladen, celdichtheid en coatings op celgroei en osteogene capaciteit van het 
dragermateriaal vonden we ook dat een flow perfusie systeem de vroege groei, differentiatie en 
matrix mineralisatie van stromale beenmergcellen gezaaid in titanium vezelgaas kan stimuleren. We 
zagen een significante toename in vroege celgroei voor gaasjes die gekweekt waren in het flow 
perfusie systeem. Dit komt overeen met resultaten van andere onderzoeksgroepen die ook zagen dat
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het gebruik van een dynamisch kweeksysteem een stimulerend effect kan hebben op de groei. Dit 
komt waarschijnlijk door de verbeterde toevoer van voedingsstoffen en transport van O2 in het 
vezelgaas. Verder kan de continue flow de verwijdering van celmetabolische producten, die door de 
cellen geëxcreteerd worden in het gaas, verbeteren. Verder bevestigd microscopisch onderzoek dat 
flow perfusie cellen stimuleert in het gaas te migreren. In de flow perfusie monsters werden zowel 
osteoblasten waargenomen aan de bovenkant als ook aan de onderkant van de vezelgaasjes. De 
vezelgaasjes waren bijna volledig gevuld met matrix na 16 dagen kweken. M aar het is nog steeds 
onduidelijk o f het stimulerend effect op celgroei, differentiatie en distributie van cellen exclusief 
werd veroorzaakt door verbeterde toevoer van voedingsstoffen o f dat de gezaaide cellen misschien 
ook blootgesteld werden aan fluid shear forces. M eer studies zijn nodig om de actuele shear forces 
op de cellen te meten en zo de relatieve bijdrage van shear forces en verbeterde toevoer 
voedingsstoffen in het flow perfusie systeem op te helderen. Verder laat evaluatie van het flow 
perfusie systeem in vivo maar een zwak bewijs zien dat flow perfusie in de huidige vorm de 
potentie heeft botvorming te stimuleren in een orthotopische plek. We kunnen niet uitsluiten dat 
onze flow condities niet optimaal genoeg waren om significante verschillen tussen flow perfusie en 
statisch in vivo te kunnen waarnemen. Dit lijkt te worden bevestigd door toegevoegde in vitro 
studies waarbij verschillen stroomsnelheden werden gebruikt, 0.3ml/min., 1 ml/min. en 3 ml/min. 
en waar we observeerden dat toename van de stroomsnelheid zorgde voor een toename in matrix 
mineralisatie in een dosis afhankelijke manier. Daarom vereisen deze resultaten verder verificatie in 
een gemodificeerd experimentele setting.
Ook werden onderzoeken in dit proefschrift uitgevoerd om het effect van voorkweken voor 
implantatie te evalueren. In die studies zagen we dat botvorming effectiever gegenereerd werd 
w anneer een korte voorkweektijd van osteogene cellen in titanium vezelgaas gebruikt werd. In 
ongecoate gaasjes zagen we na 1 dag voorkweken botvorming gekarakteriseerd door ingebedde 
osteocyten. M aar ongecoate gaasje na 8 dagen voorkweken lieten alleen mineraliseerde matrix zien. 
Vergelijking van in vitro en in vivo calciummetingen laat zien dat alleen in de dag 1 ongecoate 
gaasjes de hoeveelheid calcium toenam tijdens implantatie. We moeten opmerken dat het bot 
gevormd in de gaasjes was waarschijnlijk gevormd volgens twee verschillende routes. We 
veronderstellen dat de ongecoate implantaten die voorgekweekt waren voor 1 dag botvorming laten 
zien dat gevormd is door de osteogene cellen aanwezig in de gaasjes. Terwijl de 4 en 8 dagen 
voorgekweekte ongecoate implantaten waarschijnlijk een soort biomedische Ca-P coating 
ontwikkelen op de titamium vezels en dat deze coating de botvorming initieerde. We weten dat Ca­
P actige oppervlakten botvorming kunnen ondersteunen door conductie o f inductie. CaP
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oppervlakten bezitten deze eigenschap door preferentiële adhesie van osteogene cellen (celselectie) 
o f door botgroei-stimulerende cytokines. Desondanks dit oppervlakinducerende effect is compleet 
anders dan botvorming als gevolg van ingroei van osteogene cellen. Dit wordt bevestigd door de 
onze observatie dat meer bot aanwezig was in 1 dag voorgekweekte implantaten. Verder zagen we 
dat alleen CaP gecoate implantaten die voorgekweekt waren voor 8 dagen botvorming stimuleren 
en een extra effect hebben op de botgenererende eigenschappen van het dragermateriaal.
Ook werd gevonden dat ingroei van beenmergcellen in titanium vezelgaas de bothelende capaciteit 
van dit materiaal kan verbeteren in een orthotopische plek. Histomorfometrie laat zien dat 
significante verschillen in botvorming werden waargenomen tussen celgeladen en ongeladen 
implantaten. M aar een grote spreiding werd waargenomen in het percentage botvorming in de 
celgeladen implantaten. Om een betere gestandaardiseerde botvormingspercentage te krijgen maar 
de op celgerichte benadering worden verbetert. Een manier om het te verbeteren is door de 
voedingscondities te verbeteren zodat de osteogene capaciteit van gekweekte cellen wordt 
gestimuleerd. M aar evaluatie van het flow perfusie systeem in vivo laat maar een zwak bewijs zien 
dat het flow systeem in de huidige vorm botvorming kan stimuleren in een orthotopische plek. 
Samenvattend kan gezegd worden dat het flow perfusie systeem verder geoptimaliseerd moet 
worden om de celgerichte benadering te verbeteren.
Daarom moeten toekomstige inspanningen gericht zijn op benaderingen die zorgen voor betere 
methodes om osteoprogenitor cellen te isoleren uit beenmerg aspiraten om zo de betrouwbaarheid 
en standaardisering van botkweken te verbeteren. Verder moeten de bestaande kweekmethodes in 
combinatie met coatings (fibronectine en calciumfosfaat) het botconstruct verbeteren voor 
implantatie in een botdefect. Verder kan er meer informatie verkregen van het osteogene 
differentiatie proces door integrines en expressie van genen tijdens dit proces te bestuderen.
Het uiteindelijke doel is het ontwikkelen en groeien van botconstructen in patiënten voor 
botreconstructuele doeleinden. In dit proefschrift hebben we al bewezen dat celgeladen 
dragermaterialen bot kunnen genereren in een ectopische en orthotopische plek in ratten maar de 
effectiviteit van celgeladen materialen moet worden bewezen in hogere dieren en mensen.
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